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the  costs  and  benefits  of  various  solar-to-electric  energy  con- 
version processes  can  be  compared,  an  open-cycle  air  turbine/ 
generator  set  was  chosen  with  tracking  parabolic  dish  reflector 
to  focus  direct  solar  radiation  onto  a collector/heat  exchang- 
er providing  heat  for  the  engine. ^preliminary  system  designs 
and  cost  estimates  were  prepared  for  the  solar  "fired"  open- 
cycle  air  turbine  generator  meeting  the  following  design  goals: 

Power  Output:  10  KWe,  60Hz,  120V  ^ 

Weight;  Less  than  10,000  lb 

Structure:  Capable  of  being  dismantled  and  packaged 

in  8'x8’x20'  containers 

General:  Ca)  Withstand  a "reasonable"  amount  of  abus( 

during  erection  by  Seabees. 

Cb)  No  energy  storage;  system  tied  to  grid. 

Preliminary  design  parameters  determined  for  the  system  were: 

Midday  Power  Output:  10  KWe,  120V,  60Hz 

Operating  Temperature:  ISOO^F 

Concentration  Ratio:  400/1 

Dish  Diameter:  30  ft. 

Overall  Efficiency:  17.6% 

Where  possible,  technical  and  cost  information  for  the  various 
subsystems  was  obtained  by  direct  contacts  with  firms  in  relat- 
ed product  areas,  in  particular,  firms  in  the  antenna  field  and 
firms  producing  small  Brayton-cycle  engines.  A cost  of  $42,000 
per  unit  estimate  was  projected  for  a production  level  of  1,000 
units  per  year.  At  production  levels  high  enough  to  warrant 
true  assembly  line  techniques,  optimistic  cost  estimates  were 
as  low  as  $12,000  per  unit.  Based  upon  the  capital  cost  esti- 
mate of  $42,000  per  unit  and  upon  overall  annual  performance 
of  the  unit  at  a site  with  favorable  insolation,  it  was  pro- 
jected that  cost  of  power  from  the  system  would  be  $0. 27/Kwh 
(270  mils/Kwh). 
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1.  INTRODUCTION  AND  SUMMARY 


This  report  discusses  the  results  of  the  first  phase  of  a two-phase  program  to  assess  the 
applicability  of  electric  power  generation  from  solar  energy  at  Naval  bases,  particularly  advanced 
bases  which  require  small,  mobile  systems  not  under  development  in  the  civilian  sector.  The  two 
program  phases  are; 

Phase  1:  Preliminary  Definition  of  the  Coet/Performance  Characteristics  of  a Solar- 
Powered  Open  Brayton-Cycle  Engine 

Phase  2:  Comparison  of  Solar  Power  System  Options 

Numerous  approaches  are  available  for  converting  solar  energy  to  electric  power,  such  as 
photovoltaics,  Rankine-cycle  engines  with  flat  plate  collectors,  and  steam  engines  with  parabolic 
trough  collectors.  For  purposes  of  establishing  a baseline  system  against  which  the  costs  and 
benefits  of  these  various  approaches  can  be  compared,  CEL  chose  an  open-cycle  air  tur- 
bine/generator set  with  a tracking  parabolic  dish  reflector  to  focus  direct  solar  radiation  onto  a 
collector/heat  exchanger  providing  heat  for  the  engine. 

The  open  Brayton-cycle  engine  has  a number  of  potential  advantages  for  these  mobile  power 
applications; 


• It  uses  ail  as  the  "working  fluid,”  which  eliminates  the  need  for  a sealed  system 
such  as  required  by  Rankine-cycle,  Stirling,  or  closed  Brayton-cycle  engines. 

• With  an  open  cycle,  no  water-  or  air-cooled  heat  rejection  heat  exchanger  is 
required  (such  as  the  condenser  of  a Rankine-cycle  engine  loop). 

• Small  Brayton-cycle  engines  (both  open  and  closed)  have  been  developed  as  part  of 
DOD-  and  NASA-sponsored  projects. 

• Using  high  levels  of  concentration  allows  for  generating  high  temperature  levels 
and,  thereby,  achieving  efficient  engine  operation. 


The  objective  of  the  Phase  1 effort  was  to  prepare  preliminary  system  designs  and  cost 
estimates  for  a solar  "fired"  open-cycle  air  turbine  generator  with  the  following  design  goals; 


Power  Output: 
Weight: 
Structure; 
Oeneral: 


10  kWe,  60  Hz,  120  V 
Less  than  10,000  lb 

Capable  of  being  dismantled  and  packaged  in  s'  x s'  x 20'  containers 
Withstand  a "reasonable"  amount  of  abuse  during  erection  by  Seabees. 


This  system  must  be  portable  to  the  extent  that  it  can  be  easily  dismantled  and  erected  by 
Seabees  using  their  standard  field  equipment.  This  requirement,  in  turn,  requires  rugged  com- 
ponents and  a system  design  which  is  not  too  sensitive  to  a reasonable  amount  of  accidental 
abuse.  For  purposes  of  this  preliminary  design  study,  energy  storage  was  not  considered  and  the 
system  was  assumed  to  be  supplementing  a conventional  power  system  (such  as  a diesel  generator 
power  plant)  on  a demand  basis.  Off-design  performance  characteristics  of  the  solar-powered 
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sy8tem  were  entimated  and  uaed  to  predict  daily  variations  in  power  output  using  dear-day 
insolation  plots  provided  by  CEL.  The  determination  of  seasonal  performance  characteristics 
based  on  measured  direct  insolation  values  was  not,  however,  within  the  scope  of  this  first-phase 
program. 

.Selection  of  the  solar-powered  open  Brayton -cycle  engine  as  a baseline  system  serves  several 
pur[X)ses.  P'irst,  a preliminary  design  of  this  system  results  in  a fai'-'y  detailed  knowledge  of  the 
state-of-the-art  of  solar  technologies  involved  in  solar  thermal  power  generation  (reflector  mate- 
rials, tracking  systems,  receiver  design  considerations,  etc.).  Second,  reasonable  cost  and  per- 
formance estimates  are  obtained  for  one  of  the  more  promising  system  options  fot  a mobile  solar 
[Kiwer  source.  Third,  the  knowledge  gained  and  information  gathered  would  result  in  a much 
improved  ability  to  compare  the  “baseline”  system  with  other  system  options,  conventional  and 
solar  powered,  for  electric  power  generation  at  advanced  bases  (which  will  be  considered  in 
Phase  2). 

The  solar  “fired"  Brayton-cycle  engine  consists  of  three  major  subsystems: 

• A tracking  reflector  (parabolic  or  linear),  which  concentrates  the  direct  portion  of 
the  solar  energy  on  a receiver. 

• A receiver,  which  absorbs  concentrated  solar  energy  at  elevated  temperatures  and 
transfers  this  energy  to  the  air  stream  of  the  Brayton-cycle  engine.  (The  receiver 
essentially  takes  the  place  of  the  combustion  chamber  of  a fuel-fired  Brayton-cycle 
engine.) 

• An  open  Brayton-cycle  engine  (tuibine/compressor),  which  uses  ambient  air  as  the 
working  fluid.  For  high  engine  efficiency  levels,  a regenerative  cycle  will  have  to  be 
used. 

Conventional  Brayton-cycle  engines  usually  operate  at  a peak  air  temperature  of  about 
16(X)°F.  Thermal  efficiency  would  improve  at  higher  temperature  levels,  but  material  problems 
become  increasingly  difficult. 

In  principle,  a solar-heated  Brayton-cycle  engine  could  also  operate  at  1600®F;  in  fact, 
several  studies  have  been  made  on  such  systems.  In  practice,  however,  achieving  such  high 
temperatures  with  a solar-heated  system  requires  the  use  of  very  high  levels  of  concentration 
(probably  1500:1  to  2000:1),  and  the  necessary  precision  in  the  reflector  contours  and  tracking 
accuracy  are  unlikely  to  be  consistent  with  the  overall  program  goals  of  a rugged,  mobile  unit 
capable  of  erection  and  maintenance  by  normal  Navy  personnel. 

For  the  purposes  of  this  program,  the  performance  characteristics  of  the  critical  subsystems 
were  estimated  as  a function  of  important  parameters  such  as  operating  temperature  levels, 
concentration  rath),  and  receiver  thermal  characteristics.  The  subsystem  performance  character- 
istics were  used  to  calculate  overall  system  performance  levels  for  a range  of  system  design 
options.  With  8 concentrating  system  of  reasonable  precision,  the  optimum  temperature  of 
operation  appears  to  be  in  the  1200-1400°F  range.  The  preliminary  system  design  is  based  on  the 
use  of  a tracking  parabolic  concentrator  with  a polar  mount  that  focuses  solar  energy  on  a single 
receiver  at  the  focal  point.  Hot  air  generated  in  the  receiver  flows  through  a duct  to  the 
engine/generator,  which  is  mounted  on  the  rear  of  the  parabolic  dish.  This  mounting  arrangement 
eliminates  the  need  for  flexible  joints  in  the  air  distribution  system.  Preliminary  design  parame- 
ters for  this  system  are  as  follows: 
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Midday  Power  Output  — 10  kWe,  12()V,  60  Hz 
()|)eratint{  Temperature  — 1,'100®F 
('oncentration  Ratio  — 4(X):1 
Dish  Diameter  — .'Ml  It 
Dish  Area  — 705  ft’ 

Overall  Efficiency  — 17.6% 

Receiver  Aperture  Diameter  — 1.5  ft 

While  the  concentration  ratio  of  400:1  is  lower  than  that  assumed  by  some  other  studies, 
higher  ratios  require  increasing  levels  of  precision  in  the  reflector  and  tracking  systems  and  result 
in  only  modest  improvements  in  system  performance.  This  concentration  level  was  chosen  to 
p«  rmit  a reasonable  compromise  between  efficiency  and  reliability  in  a field  system. 

Where  possible,  technical  and  cost  information  for  the  various  subsystems  was  obtained  by 
direct  contacts  with  firms  in  related  product  areas.  In  particular,  firms  in  the  microwave  antenna 
field  were  contacted  for  inputs  on  the  reflector  system,  and  firms  making  small  fuel-  and  isotope- 
[siwered  Hrayton-cycle  engines  provided  cost/performance  information  on  the  engine  options. 

These  inputs  were  combined  with  Arthur  D.  Little  projections  to  estimate  the  cost  of  the 
solar-powered  unit  if  it  were  produced  in  quantities  of  KXXl  per  year. 

The  resultant  system  cost  estimate  was  $42, (XX)  f)er  unit  once  the  R&D  effort  required  to 
produce  an  appropriate  recuperated  open  Brayton-cycle  engine  is  completed.  Since  the  tech- 
nology and  design  for  the  reflector  and  receiver  are  straightforward,  these  subsystems  would 
probably  not  require  a substantial  R&D  effort.  The  cost  might  be  reduc  id  by  a factor  of  4-6  if  one 
or  more  of  the  subsystems  were  being  manufactured  in  large  quantities  for  some  other  appli- 
cation; KXX)  units  is  considered  a small  quantity  by  most  manufacturers. 

A detailed  economic  evaluation  of  a solar-powered  unit  requires  the  calculation  of  annual 
power  output  (kWh)  based  on  measured  insolation  and  allowing  for  pixir  days  as  well  as  clear 
days.  Preliminary  .seasonal  performance  estimates  combined  with  the  above  cost  projection 
indicate  that  the  cost  of  power  from  this  system  would  be  $0.27AWh  in  areas  of  favorable 
insolation  (assuming  lO'r  capital  costs).  This  cost  of  power  is  still  substantially  higher  than  that 
from  conventional  generating  equipment.  As  previously  noted,  the  cost  of  this  system  could  be 
significantly  reduced  if  it  were  in  larger  scale  prixluction  than  the  assumed  lOfiO  units  per  year.  It 
iipfiears,  therefore,  that  the  economic  viability  of  this  approach  to  solar  power  generation  is 
contingent  upon  such  increases  in  production  levels. 
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2.  SYSTEM  OPTIONS  CONSIDERED 


Initial  analysis  of  open  Brayton-cycle  engines  indicated  that  peak  cycle  temperatures  of 
over  1000‘’F  (preferably  over  12(X)°F)  would  be  necessary  for  the  engine  to  have  an  efficiency  of  at 
least  lO'.i.  These  elevated  temperature  levels  can  be  generated  from  solar  energy  using  a com- 
bination of  solar  concentration  and  optical  approaches  to  reducing  receiver  heat  losses. 

2.1  Concentrator  Options 

Either  of  the  following  basic  concentrator  types  can  be  used  to  focus  solar  energy; 

• Point  concentrators  track  the  sun  in  two  planes  and  focus  the  solar  energy  on  a 
focal  plane  in  a circular  pattern.  The  energy  being  focused  is  collected  over  a 
circular  aperture  area  which  increases  as  the  square  of  the  radius.  Concentrators  of 
this  ty|)e  include  parabolic  dishes  and  circular  PTesnel  lenses.  Point  concentrators 
can  achieve  concentration  levels  as  high  as  10(X)-‘2000;1. 

• Linear  concrnlralom  usually  track  the  sun  in  one  plane  only  and  focus  the  solar 
radiation  on  a line  whose  width  is  a function  of  the  concentration  ratio.  Concentra- 
tors of  this  type  include  parabolic  troughs,  linear  slat  configurations,  and  linear 
Fresnel  lenses.  Linear  concentrators  can  achieve  concentration  levels  of  between 
20:1  and  40: 1.* 

With  proper  receiver  design,  both  types  of  concentrators  can  achieve  the  required  temper- 
ature levels.  Linear  concentrators  have  the  advantage  of  having  to  track  in  only  one  plane  and  are 
therefore  simpler  than  point  concentrators  from  a structural,  mechanical,  and  control  standpoint. 
Point  concentrators,  on  the  other  hand,  can  achieve  higher  concentration  ratios  and,  hence, 
higher  temperatures.  Because  they  continuously  follow  the  sun,  they  incur  no  cosine-loss  effects 
as  with  most  linear  systems. 

Since  both  concentrator  options  appear  to  offer  advantages,  both  were  considered  during  the 
initial  stages  of  the  project  so  that  the  final  selection  of  concentrator/receiver  configuration  would 
be  the  moat  appropriate  for  the  proposed  application. 

2.2  Receiver  Options 

The  thermal  performance  of  a solar  concentrating  system  is  critically  dependent  on  the 
thermal  characteristics  of  the  receiver  onto  which  the  solar  flux  is  directed.  Figure  2.1  shows 
three  of  the  options  available  for  configuring  the  receiver  of  the  power  system. 

(a)  Black  Body  Receiver  — The  black  body  receiver  consists  of  a cavity  into  which  the 
reflected  radiation  is  concentrated.  Assuming  this  cavity  is  well  insulated,  the  primary 
energy  loss  is  by  reradiation  back  through  the  cavity  opening. 

(b)  One  Radiation  Shield  — The  radiation  heat  loss  from  the  black  body  receiver  can  be 
reduced  approximately  .50' r if  a cover  is  placed  over  the  cavity  opening  which  transmits 


* Th«M  ratios  ara  practical  limits  sat  by  tha  raquirerrtants  for  contour  and  tracking  accuracy  Thaorstlcal  limits  are 
significantly  nighar.  as  Indicated  In  Rafera.ice  1 
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II  hi^h  (ierienlHK<‘  "I  Iht*  Hh<irl-wavelen({lh  .solar  radiation  and  is  opaque  to  infrared 
radiation  Irom  inside  the  cavity.  Both  Kla*^**  and  quartz  have  these  optical  character- 
istics and  could  function  as  a radiation  shield.  The  primary  disadvantage  of  this 
approach  is  that  6-12%  of  the  incident  energy  will  be  reflected  or  absorbed  by  the 
window. 

(c)  Heat  Mtrrar  — Keradiation  heat  losses  could  be  further  reduced  by  coating  the  inner 
surface  of  the  window  with  an  infrared  reflector  which  transmits  most  of  the  solar 
radiation  but  reflects  infrared  radiation.  Such  coatings  include  tin  oxide,  indium  oxide, 
and  titanium  oxide  multi-layers. 12, 3, 4)  Ttip  di.sadvantages  of  this  approach  include 
transmi.ssion  los.ses  of  about  and  the  fact  that  the  use  of  heat  mirrors  in  this 
application  is  untried.  Evacuation  of  the  space'between  the  absorber  and  the  reflecting 
window  is  desirable  if  (sissible. 

2.3  Concentrator/Receiver  Efficiency 

The  heat  loss  mechanisms  which  reduce  the  efficiency  with  which  focused  solar  flux  is 
collected  by  the  receiver  include: 

• Keradiation  loa.ses  back  through  the  receiver  aperture; 

• Conduction  losses  through  the  insulation  on  the  sides  and  back  of  the  receiver;  and 

• Convection  losses  over  the  receiver  aperture  area. 

At  the  temperature  levels  of  prime  consideration  (in  excess  of  1(X)0°F),  reradiation  pre- 
dominates over  other  heat  loss  mechanisms  For  example,  at  1200°F  the  black  body  radiation 
heat  tiansfer  is  over  13, (XX)  Btu/hr-ft’,  while  convection  heat  transfer  losses  would  be  on  the  order 
of  2000  Btu/hr-fC.  For  purposes  of  screening  the  various  concentrator/receiver  design  options, 
only  the  radiation  heat  loss  mechanism  was  considered.  The  final  system  design  must,  however, 
take  into  consideration  all  heat  loss  mechanisms. 


The  screening  analysis  was  undertaken  to  answer  several  important  questions: 

• Is  it  possible  to  reduce  the  required  level  of  solar  concentration  to  that  achievable 
with  linear  systems  by  using  a heat  mirror  to  greatly  reduce  reradiation  losses? 

• If  a point  concentrator  is  used,  under  what  conditions  does  the  use  of  a transparent 
radiation  shield  (quartz  cover)  improve  receiver  thermal  efficiency? 

• What  levels  of  concentration  are  required  to  efficiently  achieve  the  operating 
temperatures  required  by  the  engine/generator? 

It  is  necessary  to  address  these  questions  in  order  to  identi.^y  the  most  appropriate  system 
configuration  for  the  more  detailed  system  analysis  and  preliminary  design  effort. 

The  efficiency  of  the  concenirator/receiver  subsystem  is  defined  as; 

Heat  Absorbed  in  Receiver 

T?“ 

Direct  Solar  Flux  Incident  on  Concentrator 


1 

(N  ♦ 1)  (C) 
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where: 


i),i  = Optiral  efficiency,  i.e.,  the  percentage  of  the  incident  radiation  which  ia  absorbed  in 
the  receiver  cavity  after  taking  into  account  concentrator  surface  reflectivity,  optical 
losses  due  to  surface  contour  or  tracking  errors,  and  transmission  losses  into  the 
receiver  cavity. 

N = Number  of  transparent  radiation  shields  over  the  receiver  aperture. 

tlbblTRi  = Black  body  reradiation  loss  from  the  receiver  in  Btu/hr-ft*. 

« = Effective  emissivity  of  the  receiver. 

qn  = Direct  solar  flux  incident  on  the  concentrator  aperture  in  Btu/hr-ft’. 

C = Geometric  concentration  ratio,  defined  as  the  concentrator  aperture  area  over  the 
receiver  aperture  area. 

Collector  system  efficiency  was  calculated  for  concentration  ratios  in  two  ranges: 

• C = 30:1  — This  concentration  ratio  is  achievable  with  an  accurate  linear  focusing 
system. 

• C = 200:1,  400:1,  800:1  — Parabolic  dish  concentrators  with  relatively  loose 
tolerances  (as  discussed  in  Section  2.4)  can  achieve  these  concentration  ratios. 
Higher  levels  of  concentration  could  be  obtained  with  more  precise  equipment  but 
should  not  be  necessary. 

Efficiency  calculations  were  based  on  the  following  assumptions: 

(a)  Solar  Flux  — All  calculations  were  based  on  an  assumed  dear-day  insolation  value  of 
275  Btu/hr-fP. 

(b)  Concentrator  — Reflectivity  = 0.85;  optical  errors  = 5%. 

(c)  Receiver 

Case  1 : Black  body  receiver 
Transmission:  r = 1.0 
Absorptivity:  o:  = 0.98 
Radiation  shields:  N = 0 
Optical  efficiency:  r/o  ~ 0.785 
Case  2:  Black  body  receiver  with  quartz  shield 
Transmission:  r = 0.94 
Absorptivity:  <t  •=  0.98 
Radiation  shield:  N 1 
Optical  efficiency:  no  “ 0.736 
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('Hse  .'1;  lU'i’eiver  with  heat  mirror 
TraiiHmiiuiion:  r = 0.85 
AbHorplivity:  ii  » 0.98 

Radiation  Shield:  p = 0.80  (equivalent  to  4 radiation  shields) 

Optical  efficiency:  »jo  = 0.666 

The  “heat  mirror"  in  Case  3 reflects  80%  of  the  infrared  reradiation  from  the  receiver 
cavity,  which  is  equivalent  to  having  four  heat  shields.  More  effective  heat  mirrors  have  been 
tested,  several  of  which  reflect  90%  of  the  energy  in  the  infrared  spectrum{2,3)  associated  with 
lower  heat-source  temperatures  (70-400®F).  As  the  temperature  of  the  heat  source  increases,  there 
is  less  and  less  difference  in  the  wavelength  spectra  between  the  solar  flux  and  the  re-emitted 
energy.  This  makes  it  increasingly  difficult  to  produce  heat  mirrors  with  such  a sharp  spectral 
cutoff  that  they  are  both  gcMid  transmitters  of  solar  radiation  and  good  reflectors  of  the  re-emitted 
infrared  energy.  A pih  of  80'’r  appears  to  be  consistent  with  near-term  technology,  given  the 
relatively  high  temperatures  of  the  heat  source. 

Figure  2.2  shows  results  for  several  representative  concentrator  systems.  It  is  clear  that 
linear  systems  using  a concentration  ratio  of  30:1  would  require  very  effective  heat  mirrors  to 
efficiently  achieve  temjrerature  levels  in  excess  of  1(K)0°F  required  for  the  open  Brayton-cycle 
engine. 

For  point  concentrator  systems,  the  required  temperatures  can  be  achieved  at  relatively 
modest  concentration  levels,  particularly  if  a quartz  cover  is  used  to  reduce  reradiation  losses. 

Figure  2.3  shows  the  effect  of  solar  concentration  on  efficiency  for  a point  concentrator. 
These  curves  apply  to  temperatures  which  engine  analysis  (Section  3.3)  indicates  as  being  in  the 
range  of  primary  interest.  Note  that  efficiency  increases  rapidly  with  concentration  ratio  at  low  to 
modest  levels  of  concentration  (l(X)-200).  At  ratios  significantly  above  400-500:1,  the  rate  of 
increase  in  efficiency  is  quite  small. 

Figure  2.4  shows  efficiency  as  a function  of  temperature  for  concentrating  systems  using 
receivers  with  and  without  a quartz  window.  At  C = 200,  the  quartz  window  significantly 
improves  efficiency  throughout  the  temperature  range  of  interest.  At  C = 400,  however,  the 
window  is  hieneficial  only  above  1200°F,  and  then  only  marginally  so.  The  indicated  efficiencies 
are  probably  optimistic  for  the  quartz  window  case  at  temperatures  above  1200‘’F,  since  an 
increasing  percentage  of  the  reradiation  falls  in  the  near-infrared  wavelengths  transmitted  by  the 
window.  This  effect  is  shown  in  Figure  2.5  for  the  case  of  reradiation  from  a IdOO^K  (1340°F) 
cavity. 

2.4  Effect  of  Optical  Errors 

The  analysis  leading  to  the  concentrator/receiver  efficiency  curves  of  Figures  2. 2-2. 4 was 
based  on  assumed  optical  errors  of  5%,  meaning  that  5%  of  the  reflected  energy  was  misdirected 
and  never  reached  the  receiver.  In  this  case  optical  errors  refer  to: 

• Krrors  in  tracking  the  sun,  so  that  some  of  the  redirected  energy  does  not  impinge 
on  the  focal  plane; 

• liocal  surface  contour  errors  in  the  reflector  surface;  and 

• Krrors  in  positioning  the  receiver  at  the  focal  point. 
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FIGURE  Z2  VARIATION  OF  CONCENTRATOR/RECEIVER  SYSTEM 
EFFICIENCY  WITH  TEMPERATURE 
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FIGURE 
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FIGURE  2.4  EFFECT  OF  RECEIVER  "WINDOW"  ON  EFFiaENCY 


WAV£L£NG7y  (Mm) 


FIGURE  2.6  BLACK  BODY  WAVELENGTH  SPECTRUM  FOR  AN 
ABSORBER  OPERATING  AT  1000**K  (1340**F) 
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There  will  alwayn  be  errnre  of  thia  kind,  and  their  importance  will  tend  to  increase  with  the 
concentration  ratio.  The  precision  of  the  optical  system  must  keep  pace  with  the  concentration 
ratio  to  keep  optical  losses  within  any  preset  limit.  Greater  precision  in  geometry  and  tracking,  in 
turn,  increases  coats  and  makes  it  more  difficult  to  design  a system  that  meets  the  overall 
requirements  of  a reliable,  mobile  solar  power  unit.  The  required  accuracy  of  the  pointing  system 
and  surface  definition  of  the  reflector  can,  therefore,  significantly  affect  the  type  of  concentrator 
and  concentration  ratio  selected. 

The  relationship  between  accuracy  and  concentration  ratio  for  a parabolic  trough  collector 
and  a parabolic  point  collector  is  indicated  in  Figures  2.6  and  2.7,  respectively.  A schematic 
representation  of  the  two  types  of  collectors  having  a concentration  ratio  of  100  for  different  F/D 
ratios  is  also  shown  in  Figure  2.8.  The  F/D  ratio  is  defined  as  the  focal  length  over  aperture 
diameter  for  the  point  concentrator  and  focal  length  over  aperture  width  for  the  trough  collector. 
The  relative  sizes  of  the  receivers  required  for  the  two  types  of  collectors  can  readily  be  seen  in  the 
schematic.  The  curves  in  Figures  2.7  and  2.8  reflect  the  effect  of  the  significant  difference  in  the 
receiver  size. 

These  curves  are  based  on  the  reflected  energy  being  concentrated  at  a point.  Reflector 
shapes  can  be  generated  which  provide  uniform  illumination  over  the  receiver  surface.  The 
pointing/surface  accuracy  required  for  this  type  of  reflector  is  more  difficult  to  analyze  but  would 
be  somewhat  greater  than  the  values  given  here. 

The  wide  range  in  the  required  accuracy  for  the  lower  values  of  F/D  are  a result  of  the 
decrease  in  the  effective  receiver  area  available  to  the  reflector  as  one  moves  from  the  center  of  the 
concentrator  to  the  outer  edges.  The  upper  limit  for  each  range  applies  to  a position  at  or  near  the 
center  of  the  reflector,  while  the  lower  limit  applies  to  a position  at  or  near  the  outer  edge  of  the 
reflector.  The  width  of  this  range  decreases  as  the  F/D  value  increases. 

The  curves  indicate  that  the  accuracy  of  the  surface  definition  and  pointing  of  the  reflector 
IS  more  critical  at  the  outer  edges  of  the  reflector.  The  range  between  the  upper  and  lower  limits  of 
the  curve  would  decrease  if  a curved  receiver  were  used;  however,  the  overall  accuracy  would  also 
become  more  critical  because  of  the  decrease  in  effective  receiver  diameter  or  width. 

The  curves  of  Figures  2.6  and  2.7  indicate  that  if  significant  optical  errors  are  to  be  avoided, 
the  reflector  of  a linear  concentrator  must  be  accurate  within  0.25“  (30:1  concentration  ratio)  and 
of  a point  concentrator  within  0.36“ -0.5“  (over  a 200-400:1  concentration  ratio  range). 

2.5  Choice  of  System  Approach 

The  preceding  considerations  were  evaluated  to  identify  a reasonable  system  approach  for 
the  preliminary  baseline  system  design  studies.  As  a result,  a concentrator/receiver  system  was 
chosen  with  the  following  basic  characteristics: 

• Concentrator  — /ft  parabolic  dish  reflector  with  a concentration  ratio  of  400:1. 

• Receiver  — A black  body  cavity  without  a transparent  quartz  radiation  shield. 

The  above  system  configuration  was  specified  on  the  basis  of  the  following  considerations 
relative  to  the  other  system  options: 
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FIGURE  2.6  POINTING/SURFACE  ACCURACY  FOR  PARABOLIC  TROUGH  CONCENTRATOR 


(o)  AOvanoDv 
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FIGURE  2.7  POINTING/SURFACE  ACCURACY  FOR  PARABOLIC  POINT  CONCENTRATOR 


• Point  Collector  Diameter 
dj  * Trough  Collector  Width 
Concentration  Ratio  » 100 


FIGURE  2.8  REPRESENTATION  OF  POINT/TROUGH  COLLECTOR  DIMENSIONS 
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2.5.1  Linear  System 

A system  utilizinK  a linear  coiu'enlratnr  can,  in  principle,  be  used  it  the  receiver  has  an 
elTeclive  heat  mirror  to  greatly  reduce  reradiation  losses.  This  system  was  rejected  for  the 
following  reasons: 

• The  heat  mirror  would  have  to  be  very  effective  (/mk  > 80‘i)  and,  due  to  the 
relatively  hi^h  operating  temperature,  have  a sharp  spectral  cutoff  so  as  not  to 
reduce  solar  transmission  excessively.  Heat  mirrors  with  these  characteristics  have 
not  been  sufficiently  demonstrated  for  use  in  this  project. 

• The  surface  contour  and  pointing  accuracies  required  would  be  even  more  stringent 
than  for  the  concentrating  system  chosen. 

• For  an  east-west  mounted  linear  system,  the  cosine  losses  would  reduce  the  daily 
energy  output  to  about  half  that  of  a two-plane  tracking  system  with  the  same 
midday  output. 

2.5.2  Transparent  Radiation  Sniold 

At  lower  concentration  levels  (<2()0),  the  use  of  a quartz  cover  over  the  receiver  aperture 
significantly  improves  the  thermal  efficiency  of  the  receiver  by  reducing  reradiation  losses.  This 
improvement  diminishes  as  both  concentration  ratios  and  operating  temperatures  increase.  Since 
the  quartz  window  appears  to  be  of  marginal  value  for  application  on  this  system,  it  was  not 
included  in  the  preliminary  design. 

2.5.3  Concentration  Level 

If  the  increased  tracking  and  surface  contour  accuracies  required  by  higher  concentration 
levels  did  not  raise  problems  of  cost  and  reliability,  there  would  be  an  incentive  to  choose  very 
high  levels  of  .solar  concentration  ( 1(XX)-2(XX))  for  the  preliminary  design.*  However,  as  indicated 
by  Figure  2.3,  raising  the  concentration  level  over  that  specified  (400:1)  would  permit  a potential 
increase  in  efficiency  of  only  20'’; . 

The  relatively  low  concentration  ratio  chosen  was  considered  to  be  a “low  risk”  level  which 
could  be  achieved  with  field-erectable  mobile  equipment.  The  accuracies  required  for  tracking 
( ^0.2.'>‘’-0..')°)  are  consistent  with  conventional  gears  and  motors.  Also,  this  accuracy  should  be 
possible  with  simple  “time  clock”  control  of  the  tracking  mechanism. 

The  required  surface  contours  would  allow  for  deviations  of  up  to  2 inches  over  a l.'i-foot 
span,  which  is  consistent  with  reflector  segments  capable  of  being  erected  and  dismantled  under 
field  conditions. 

The  indicated  system  configuration  provides  a reasonable  basis  for  the  design  study.  Even  if 
future  analysis  and/or  experience  indicates  that  deviations  from  this  design  approach  are  war- 
ranted. it  is  unlikely  that  these  deviations  would  greatly  reduce  the  overall  desirability  of  the 
solar  fired  open  Brayton-cycle  engine  concept. 


‘Ai  atiumeU  by  soma  other  ttudlae  on  solar  Brayton-cycle  engines  (References  5 and  6). 
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3.  SYSTEM  PERFORMANCE  ESTIMATES 
AND  DESIGN  PARAMETERS 


3.1  Concentrator/Receiver 

The  efficiency  of  the  selected  concentrator/receiver  subsystem  is  shown  in  Figure  3.1  for  a 
range  of  solar  radiation  levels.  A direct  insolation  level  of  275  Btu/hr-ft*  corresponds  to  the  design 
conditions  and  is  consistent  with  that  available  during  the  peak  daylight  hours  on  a clear  day. 
This  curve  was  used  for  sizing  the  baseline  system  design.  (The  effect  of  off-design  is  discussed  in 
.Section  3.5.) 

The  performance  curves  of  Figure  3.1  were  combined  with  the  engine  performance  charac- 
teristics presented  in  the  next  section  to  calculate  the  overall  system  performance  levels  discussed 
in  .Section  3.3. 

3.2  Engine-Generator 

It  has  been  established  that  the  baseline  solar  energy  generator  (SEG)  system  will  in- 
corporate an  open-Brayton-cycle  gas  turbine  engine  driving  an  alternator.  A schematic  diagram 
of  this  system  is  shown  in  Figure  3.2. 

In  the  common  fuel-fired  version  of  this  cycle,  ambient  air  is  compressed,  heated  by 
combustion  of  fuel  mixed  with  the  compressed  air,  expanded  to  produce  shaft  power,  and 
exhausted  to  the  atmosphere.  A portion  of  the  power  from  the  expander  (roughly  two  thirds) 
drives  the  compressor;  the  remainder  is  available  as  output  power.  In  the  SEG  system,  solar 
heating  is  substituted  for  combustion  of  fuel.  The  gas  turbine-engine  implementation  of  the 
Brayton  cycle  utilizes  turbomachinery  components  — i.e.,  for  the  10-kWe  power  level,  a centri- 
fugal compressor  and  a radial  inflow  turbine,  mounted  on  a common  shaft. 

It  is  preferable  that  the  engine  design  be  based  on  an  existing  unit.  A survey  of  available  gas 
turbine  engines  (described  in  Section  4.2)  revealed  that  only  one  engine  with  10-kWe  nominal 
output  was  in  an  advanced  stage  of  development.  It  was  developed  by  the  Solar  Division  of 
International  Harvester  (SDIH)  for  the  U.S.  Army  Mobile  Ekjuipment  Research  and  Devel- 
opment Command  (USA-MERDC)  and  is  expected  to  enter  production  in  1978.  This  unit  and  its 
adaptation  to  the  SEG  system  are  described  in  Section  4.2. 

In  the  SEG  system  the  solar  collector  is  the  major  component  in  terms  of  size,  weight,  and 
cost.  The  required  area  of  the  collector  is  inversely  proportional  to  the  efficiency  of  the  engine- 
generator  set,  which  provides  a strong  incentive  to  select  a gas  turbine  cycle  that  leads  to 
maximum  engine  efficiency.  The  .SDIH  gas  turbine  engine  (and  other  small  gas  turbine  units 
under  development)  uses  a simple  open  cycle;  i.e.,  no  recuperation  is  provided.  However,  a cycle 
with  effective  recufieration  can  achieve  approximately  twice  the  engine  efficiency  of  the  simple 
cycle  at  the  maximum  temperatures  of  interest,  so  it  would  clearly  be  beneficial  to  use  a 
recuperator  in  the  SFIG  system.  The  cycle  projections  discussed  below  are  based  on  a recuperated 
cycle.  The  modifications  of  the  SDIH  unit  to  accomplish  recuperation  are  also  discussed  in 
.Section  4.2. 
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FIGURE  3.1  VARIATION  OF  CONCENTRATOR/RECEIVER  SUBSYSTEM 
EFFICIENCY  WITH  SOLAR  RADIATION  LEVEL 


FIGURE  SOLAR  POWERED  OPEN-BRAYTON-CYCLE  ENGINE:  SCHEMATIC  FLOW  DIAGRAM 
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I he  ellifiency  »f  iin  engine  net  and  its  specific  power  output  for  various  turbine 

inlet  pressures  and  temperatures  are  shown  in  Figure  3.3  for  the  assumed  component  efficiencies 
and  pressure  drops  listed  in  Table  3 1.  The  indicated  efficiency  is  ha.>c-d  on  electric  power  output 
and  includes  all  generator  and  gear  train  loases  as  well  as  those  assia'iated  with  the  engine  itself. 
High  specific  power  output,  which  leads  to  lower  air  mass  flow  rate  and  a smaller  engine  for  a 
given  power  output,  is  very  important  in  applications  where  engine  weight  and  size  are  to  be 
minimized  However,  for  the  reasons  stated  above,  it  will  be  desirable  to  choose  a turbine  inlet 
pressure  for  a given  turbine  inlet  temperature  that  yields  maximum  engine  efficiency,  rather  than 
high  specific  power  output. 


TABLE  3.1 

ASSUMED  VALUES  FOR  CYCLE  ANALYSIS 

Electric  power  output,  • 10  kW 

Efficiendet 

Compressor,  rj^  • 0.78 

Turbine,  r)j  • 0.86 

Recuperator,  17^,  ■ 0.96 

Gear  box,  tIq  * 0.98 

Miscellaneous  (losses),  n ~ 0.98 

fjl 

Alternator,  rj^  • 0.92 
Ambient  pressure,  P|  - 14.7  psia 
Ambient  temperature,  T 1 ■■  70°  F 
PrsHure  drop  in  eirouit,  ^ “ 0.09 

Figure  3.3  illustrates  the  fact  that  Brayton  cycles  with  practical  component  efficiencies 
require  relatively  high  maximum  cycle  temperatures  to  achieve  reasonable  efficiency.  Because 
the  compressor  power  is  such  a large  fraction  of  the  turbine  power,  less-than-ideal  component 
efficiencies  significantly  reduce  the  net  power  output  and  overall  efficiency.  The  maximum 
efficiency  achievable  at  a maximum  temperature  of  14(K)°F  per  Figure  3.3  is  about  3r‘>r,  which  is 
only  42' f of  the  Carnot  efficiency  for  the  same  maximum  and  minimum  temperatures. 

3.3  Overall  System  Performance 

The  overall  system  efficiency  is  given  by; 

1h  ” "icr  * ie 
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where; 

1)8  system  en'iciency,  defined  as  (he  ratio  of  electric  jK)wer  output  to  incident  direct  solar 
l1ux 

i)iT  efficiency  of  t he  concent  rator/receiver 

r)e  = efficiency  of  the  enKine/ftenerator  subsystem 

As  the  temi>erature  rises,  decreases  but  rje  increases.  Consequently,  there  is  a certain 
o|)eratinK  temperature  that  optimizes  overall  system  efficiency  and  thereby  minimizes  the  con- 
centrator aperture  area  required  for  a given  power  output. 

System  efficiency  curves  are  shown  in  Figure  3.4  based  on  the  concentrator  performance  of 
Figure  3.1  and  the  engine/generator  characteristics  of  Figure  3.3.  For  comparative  purposes, 
efficiency  curves  are  also  shown  for  a lower  (200:1)  and  a higher  (600:1)  level  of  solar  concentra- 
tion than  the  assumed  design  level  of  400:1. 

The  system  efficiency  curves  were  calculated  on  the  assumption  that  the  receiver  and  engine 
both  operate  at  the  same  temperature  level,  i.e.,  that  there  is  no  temperature  drop  between  the 
receiver  walls  and  the  air  stream  of  the  engine.  As  discussed  in  Section  4.3,  the  air  entering  the 
receiver  is  alM)ut  400° F lower  in  temperature  than  that  leaving,  while  the  receiver-to-air  temper- 
ature drops  are  only  50-70°F.  As  a result,  the  calculations  leading  to  the  curves  of  Figure  3.4  are 
probably  .somewhat  conservative,  since  the  average  wall  temperature  in  the  receiver  is  less  than 
the  peal<  engine  temperature. 

The  .system  efficiency  is  seen  to  have  a hroad  optimum  in  the  1300-14(X)°F  range,  with  a 
|)eak  efficiency  level  of  17.6%.  With  a concentration  ratio  of  200:1,  the  peak  cycle  temjierature 
would  decrease  to  about  1 1.50°F  with  a corresponding  system  efficiency  of  14%.  At  600:1,  the  peak 
cycle  temperature  would  increa.se  to  1500°F  with  an  increase  in  system  efficiency  to  19.5'r. 

3.4  System  Design  Parameters 

The  system  efficiency  indicated  in  Figure  3.4  was  used  to  calculate  the  required  aperture 
area  for  the  lO-kWe  system  and  thereby  determine  the  overall  system  sizing  and  design  parame- 
ters listed  below. 

(a)  Concentrator 
Aperture  Area  — 705  ft’ 

Dish  Diameter  — 30  ft 

(teometric  (’oncentration  Ratio  — 4(X):1 
Kefiectivity  0.85 

'Fracking  and  Surface  (’ontour  Accuracy  — 0.5° 

F/D  Ratio  — 0.6 

(b)  Hecewer 

Aperture  Area  — 1.76  ft’ 

('avity  Diameter  — 1.5  ft 


26 


Ui 

oc 

D 

H 

< 


27 


Ahslirplivity  — ().9H 
Air  'I’emperature; 

• Inlet —9H()'’F 
Outlet  — 1310“F 

(c)  Knuinp/denerator 

Klectric  Power  Output  — 10  kWe 
Peak  Cycle  Temperature  — 1300°F 
Air  Inlet  Temperature  — 70°F 
Fm^ine/Cienerator  Efficiency  — 27.3'/r 

(Hi  Sy.stcm 

Direct  Solar  k'lux  — 275  Btu/hr-ft' 

System  Efficiency  — 17.6''( 

Ol)ermm^:  1'emperalure  — 13(K)°F 

The  iilsive  parameters  were  used  as  the  basis  for  the  preliminary  designs  and  subsystem 
-.IM-cifications  discussed  in  Section  4. 

3.5  Off-Design  Operation 

The  preliminary  design  parameters  of  Section  3.4  were  for  steady-state  operation  with  a 
direct  solar  flux  o(  275  Btu/hr-ft’.  As  indicated  in  the  insolation  data  provided  by  CEL 
(Table  3.2),  on  a clear  day  the  insolation  incident  on  a tracking  collector  varies  between  228  and 
28H  Btu/hr  ft’  during  the  useful  collection  hours. 

The  variation  in  direct  insolation  will  be  more  pronounced  on  partly  cloudy  and/or  hazy 
days.  Therefore,  in  order  to  calculate  daily  and  seasonal  performance,  it  is  important  to  deter- 
mine the  effect  of  direct  insolation  on  system  performance. 

When  the  solar  flux  drops  helow  the  design  point  level,  less  heat  input  will  be  available  for 
the  engine  air  flow,  and  lower  turbine  inlet  tempieratures  will  result.  The  variation  of  power 
output  from  the  engine  with  solar  flux  will  depend  on  the  interaction  between  the  collector  and 
engine  o|>erating  characteristics.  The  collector  efficiency  versus  maximum  temperature  curves  of 
Figure  .3.1  can  be  converted  to  the  curves  of  heat  collected  versus  maximum  temperature  for 
various  solar  (lux  levels  shown  in  Figure  3.5.  The  variation  of  engine  operating  parameters  with 
turbine  inlet  teni|)erature  for  constant  rotational  speed  are  shown  in  Figure  3.6.  The  method  for 
determining  these  estimated  part-load  characteristics  of  the  engine  are  developed  in  Section  4.2. 
The  heat  input  to  the  engine  as  a function  of  turbine  inlet  temperature  from  Figure  3.6  is  also 
plotted  on  Figure  3.5.  Intersections  of  the  engine  and  collector  characteristic  curves  define 
o|>erating  (xiints  and  lead  to  the  variation  of  engine  power  output  with  solar  flux  shown  in 
Figure  3.7.  As  indicated,  a minimum  direct  solar  flux  of  about  180  Btu/hr-ft’  is  required  to 
initiate  engine  ofieration.  The  effect  of  this  on  the  engine  startup  procedure  is  discussed  in 
Section  4.4. 

The  variation  of  engine  power  output  during  the  day  can  then  be  determined,  with  the  result 
shown  in  Figure  3.8.  To  maintain  the  engine  speed  constant  as  the  solar  flux  varies,  it  will  be 
necessary  to  vary  the  load  on  the  generator  in  accordance  with  Figure  3.7.  The  system  for 
accomplishing  such  load  control  is  discussed  in  Section  4.4. 
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CLEAR-DAY  INSOLATION  LEVELS 
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FIGURE  3.5  EFFECT  OF  INSOLATION  ON  HEAT  COLLECTION  RATE 
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FIGURE  3.7 
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VARIATION  IN  SYSTEM  OUTPUT  WITH  SOLAR  FLUX 
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FIGURE  3.8  VARIATION  IN  ENGINE  OUTPUT  DURING  THE  DAY 
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4.  SYSTEM  DESIGN 


4.1  Concentrator  System  Design 

The  major  comp>onent  of  the  cor>centratiorj  system  is  the  parabolic  dish  reflector,  which 
must  accurately  track  the  sun.  The  degree  of  pointing  accuracy  is  determined  by  the  concentra- 
tion ratio  and  F/D  ratio  as  indicated  earlier  (Section  2.4).  The  tracking  .system  that  controls  the 
|H)inting  of  the  reflector  is  also  a very  important  part  of  the  solar  concentrating  system.  These  two 
major  sub.systems  comprise  the  solar  concentration  system;  their  design  is  a critical  factor  in 
determining  the  overall  system  performance  and,  more  importantly,  the  cost  of  the  total  system. 

The  following  criteria  for  the  design  of  the  concentrating  system  were  generated  as  a result 
oi  considering  overall  .system  performance  characteristics  defined  earlier: 

• Reflector  is  approximately  30  feet  in  diameter. 

• Total  pointing  and  surface  definition  error  must  be  less  than  0.7°. 

• Surface  finish  of  reflecting  surface  should  be  better  than  0.4  microinch. 

• Reflector  structure  must  be  within  tolerance  when  subjected  to  2.')-mph  wind  loads. 

• Reflector  assembly  should  have  the  capability  of  being  quickly  and  easily  stowed  in 
anticipation  of  severe  wind  conditions  (greater  than  40  mph). 

• Concentrator  must  be  .segmented  and  portable  for  easy  assembly,  disassembly,  and 
mobility. 

• Structure  holding  receiver  should  minimize  blockage  of  the  sun's  energy. 

• Distance  between  receiver  and  engine  should  be  minimized. 

• Cost  of  design  and  fabrication  should  reflect  potential  production  quantities  on  the 
order  of  1000  systems/year. 

The  basic  construction  and  operation  of  the  proposed  concentrator  design  are  similar  to 
those  of  equipment  already  developed  and  manufactured  for  the  radar  and  radio  astronomy 
industries.  Therefore,  manufacturers  of  large  radar  antennas  were  contacted  to  determine  how  to 
approach  constructing  a large  parabolic  tracking  reflector.  Initial  contacts  included  Harris  Co.  in 
Melh<iurne,  Florida  and  Raytheon  Company  in  Wayland,  Massachusetts.  From  discussions  with 
these  companies,  primarily  Raytheon,  we  were  able  to  identify  local  manufacturers  of  large 
parabolic  antennas.  Table  4.1  lists  the  manufacturers  we  contacted  and  their  related 
capabilities. 

We  found  that  the  typical  antennas  designed  and  manufactured  for  the  radar  industry  are 
produced  in  limited  quantities  and  are  designed  for  much  higher  wind  loads  than  would  be 
required  for  this  application.  Also,  the  pointing  (tracking)  accuracy  is  often  significantly  better 
than  this  system  would  rerjuire.  However,  the  basic  approach  to  the  design  of  the  .solar  concentra- 
tor <'ould  l)e  derived  from  the  methods  used  by  the  manufacturers  of  large  radar  antennas. 
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TABLE  4.1 


SELECTED  MANUFACTURERS  OF  LARGE  PARABOLIC  RADAR  ANTENNAS 
Minuficturar  Capability 


HARRIS  CORPORATION 
ELECTRONIC  SYSTEMS  DIVISION 
Melbourne,  Florida 

ESSCO 

West  Concord,  Massachusetts 

R.F.  SYSTEMS,  INC. 

Cohasset.  Massachusetts 


AINSLIE  CORP. 
Braintree,  Massachusetts 


Accurate  antenna  systems  up  to  220  feet  in  diam- 
eter for  the  radar,  radio  astronomy,  and  satellite 
comr-unications  applications.  Basically  special- 
order  systems. 

Permanent  large  antenna  systems  housed  in 
domes,  primarily  for  radio  astronomy. 

Permanent  and  portable  large  antenna  systems 
for  radar,  radio  astronomy,  and  satellite  systems. 
Low-cost  design  approach  with  some  limited  pro- 
duction methods. 

Limited  design  capability.  Antennas  are  pri- 
marily one-piece  spun  construction.  Largest 
made  was  20-foot  diameter. 


4.1.1  Reflector  Design 

T’he  initial  step  in  desiKning  the  reflector  is  to  define  its  shape.  As  specified  earlier,  the 
sha(>e  will  take  the  form  of  a simple  parabola,  as  defined  by  the  equation: 

y*  = 4 F X 


where: 

F = Focal  l-enKth 

As  can  he  readily  seen  by  the  above  equation,  the  focal  length  determines  the  shape  of  the 
parabola  or,  for  the  concentrator  system,  the  shape  of  the  reflector.  Data  presented  in  Figure  2.8 
gives  some  indication  of  the  effect  of  the  F/D  ratio  on  the  required  pointing/surface  accuracy  of 
I he  rellector. 

It  is  desirable  to  select  the  F/D  ratio  which  provides  the  largest  error  margin  allowable  for 
the  [Hiinting/surface  accuracy.  Figure  4.1  presents  the  allowable  accuracy  error  as  a function  of 
the  F/D  ratio  for  a concentrator  with  a concentration  ratio  of  4(X).  The  curve  in  Figure  4.1 
indicates  the  accuracy  required  for  all  reflected  energy  to  lie  focused  within  the  receiver  area  as 
rejiresented  by  the  lower  curve  of  the  required  accuracy  range,  as  described  in  Section  2 (Figure 
2.8).  As  indicated  by  Figure  4.1,  the  optimum  F/D  ratio  is  approximately  0.6,  which  yields  a 
required  total  accuracy  of  greater  than  0.7°.  Since  the  overall  system  performance  characteristics, 
coupled  with  the  requirement  for  a [leak  power  output  from  the  engine  of  10  kW,  dictate  the 
a|)erture  diameter  (D)  of  the  reflector,  the  focal  length  (F)  is  readily  determined  and,  therefore, 
the  sha|)e  of  the  reflector. 
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Thf  next  step  in  rellector  design  is  to  select  the  appropriate  fahrication  method.  'The 
conslniction  o(  the  reflector  used  hy  three  of  the  antenna  manolacturers  listed  in  Table  4.1  is 
basically  the  same.  The  reflector  is  made  of  separate  individual  panels  which  are  made  ol 
aluminum  sheets  bonded  or  riveted  to  aluminum  channels,  as  depicted  in  Figure  4.2.  'I'he 
aluminum  sheet  is  formed  to  the  specified  parabolic  sha|H'  either  by  hydraulic  or  mechanical 
pressure  or  under  vacuum.  The  sheet  is  held  in  this  isisition  while  the  channel  structure  is 
attached  to  the  hack  ol  the  sheet.  To  allow  both  the  channels  and  sheets  to  bend  to  the  required 
sha|M‘  without  hucklinK,  narrow  cuts  are  made  along  the  edges,  as  shown  in  the  details  of 
Figure  4.2.  Because  the  material  is  .somewhat  elastic,  the  shajje  of  the  pattern  u.sed  to  form  the 
sheets  and  channels  must  compensate  for  this  elasticity.  This  may  require  several  initial  modifi- 
cations to  the  pattern  which  will  ultimately  yield  the  right  shape  within  the  tolerances  desired. 

I'he  mdi\  idual  [lanels  are  1 hen  assembled  to  form  a parabolic  reflector  in  the  sha()e  desired, 
as  depicted  in  Figure  4 . 1 The  .sections  can  be  made  interchangeable  to  minimize  as.sembly 
problems  and  to  allow  the  replacement  of  individual  damaged  (lanels. 

There  is  a basic  difference,  however,  in  the  requirement  for  the  microscopic  surface  finish  on 
the  relleclor  surface  between  a radar  reflector  and  a solar  reflector.  A radar  reflector  can  have  a 
very  rough  surface  finish,  even  an  open-mesh  screen,  due  to  the  long  wavelengths  ( in  the  order  of 
1 meter)  that  are  involved.  Solar  radiation  has  a much  shorter  wavelength  (0.2  fjm  to  1.5  am), 
which  requires  a mirror-like  surface  finish.  The  effect  of  surface  finish  on  the  s|H:cularity  of  a 
reflector  surface  for  radiation  having  a wavelength  of  0.5  att^  is  indicated  in  Figure  4.4. 

Several  materials  have  been  developed  that  can  he  used  as  specular  reflectors  for  solar 
radiation.  Silvered  gla.ss  is  a gisid  solar  reflector,  but  it  would  have  to  be  segmented  and  attached 
to  an  aluminum  substrate  and  would  be  susceptible  to  breakage.  These  considerations  make  it 
unacceptable  lor  this  application.  Flexible  materials  (i.e.,  aluminized  mylar)  would  have  to  be 
applied  to  the  aluminum  sheets  by  an  adhesive  of  some  sort,  while  solid  materials  (i.e.,  Alzah, 
•inodized  polished  aluminum)  could  be  used  as  the  sheet  material  described  earlier.  In  either 
c,ise.  precautions  must  be  taken  to  prevent  damage  to  the  sjiecular  surface  if  a specular  reflec- 
iiMlv  goal  of  (I.H5  is  to  be  achieved. 

The  reflector  assemlily  is  attached  to  a mounting  structure  which  is  essentially  part  of  the 
Irackmg  system,  as  deserilied  in  the  following  section. 

4.1.2  Tracking  System  Design 

'Two  basic  types  of  gimballed  mounting  systems  are  used  in  the  radar  industry  for  scanning 
and  tracking  satellites.  The  first  is  an  elevation-over-azimuth  type  mount,  which  thermits  the 
antenna  to  move  in  both  elevation  and  azimuth  with  essentially  no  preferred  direction  of 
movement . 'This  ty|)e  of  mount  is  typically  u.sed  for  scanning  and  tracking  many  objects  or  for  an 
antenna  that  must  have  the  ability  to  locate  and/or  track  different  .satellites.  I'he  second  type  is 
called  a [tolar  mount,  which  primarily  moves  in  a rotational  direction  about  the  [xilar  axis  ol  the 
earth  The  movements  and  adjustments  available  with  a polar  mount  are  indicated  schematically 
m Figure  4 5 It  can  be  seen  that  the  (tolar  mount  is  ideally  suited  for  tracking  the  sun,  since  the 
sun  can  fte  thought  of  as  'moving"  in  a rotational  direction  about  the  earth's  s|tin  axis.  Current 
[Milar  mount  designs  can  track  satellites  with  an  accuracy  of  0.1”  with  wind  s(teeds  of  (k)  mph, 
wfiich  IS  well  within  the  requirements  for  this  system.  Figure  4.(5  shows  a conceptual  design  of  the 
solar  concentrator  mounting  and  tracking  system,  assuming  a [silar  mounting  arrangement  and 
including  the  receiver  and  Bravton-cycle  engine. 


FIGURE  4.3  PARABOLIC  REFLECTOR  ASSEMBLY 
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FIGURE  4.5  PRINCIPLE  OF  OPERATION  OF  A POLAR  MOUNTING  SYSTEM 
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'I’here  are  basically  two  options  available  for  tbe  system  logic  that  controls  the  movement  of 
the  tracking  system.  One  is  a closed  feedback  linip  which  senses  the  position  of  the  sun  and 
corrects  the  position  of  the  concentrator  to  point  in  the  direction  of  maximum  solar  energy.  With 
I his  tviH'  of  logic,  the  system  is  continually  correcting  the  position  ol  the  reflector.  There  is  also  a 
l>rohlem  when  the  sun  goes  behind  the  clouds,  in  that  the  system  may  take  a significant  period  of 
lime  to  realign  the  concentrator  with  the  sun  when  it  reappears.  Another  type  of  system  is  one 
which  utilizes  a small  clock-controlled  “computer."  I'his  type  of  system  logic  is  more  suited  to  a 
|s)lar-tyi>e  tracking  system,  in  that  each  direction  of  movement  of  the  polar  mount,  as  described 
later,  is  indeiiendent  of  the  other  movements  and  can  he  easily  programmed  into  a small 
^■om[)uter.  An  accurate  clock  is  used  as  a controlling  mechanism  since  the  position  of  the  sun  is 
known  at  any  time  of  the  year.  This  system  will  also  utilize  an  anemometer  to  determine  when  the 
reflector  must  be  slowed  and  to  initiate  the  required  movements.  This  second  type  of  system  is 
less  complicated  and  is  the  one  preferred  for  the  solar  concentrating  system  defined  in  this  report. 

As  indicated  earlier,  the  primary  mode  of  movement  is  the  rotation  by  which  the  reflector 
follows  the  sun  along  its  path  from  horizon  to  horizon;  in  essence,  the  mount  rotates  about  its  axis 
at  the  same  speed  the  earth  rotates  about  its  axis,  but  in  the  opposite  direction.  The  rotational 
drive  system  would  consist  of  a worm  and  gear  type  of  mechanism  which  would  move  at  a 
constant  rotational  speed  of  15°, /hr  when  the  sun  is  expected  to  be  available  for  collecting  energy. 
The  rotational  movement  would  be  controlled  by  starting  a constant-speed  motor  at  a pre- 
determined time  each  day.  This  starting  time  would  correspond  to  a preset  position  of  the 
reflector  which  would  align  the  concentrator  with  the  sun’s  position  at  sunrise  each  day.  The 
motor  would  drive  the  reflector  at  a constant  angular  speed  through  the  day  to  a predetermined 
stop  ptisition  corresponding  to  sunset  each  day.  This  is  easily  accomplished,  since  the  rotational 
position  of  the  earth  and  the  position  of  the  earth  in  its  orbit  around  the  sun  are  accurately  known 
at  any  time  during  the  year  and  during  the  day,  and  the  speed  of  the  earth’s  rotation  relative  to 
the  sun's  [sisition  is  constant.  This  also  means  that  the  reflector  could  be  controlled  to  track  the 
sun,  even  when  the  sun  is  hidden  liehind  clouds;  thus,  it  can  always  \ie  ready  to  collect  energy  and 
provide  |)ower  should  the  clouds  disappear,  without  requiring  a long  catch-up  time. 

At  some  preset  time  during  the  night,  the  control  system  would  return  the  reflector  to  the 
start  or  sunrise  {sisition.  The  return  movement  would  occur  at  a much  faster  speed  than  the 
tracking  movement  but  would  not  affect  system  performance,  since  the  concentrator  would  not  be 
collecting  solar  energy  at  night. 

The  return  movement  might  be  accomplished  by  reversing  the  direction  of  the  motor  that 
was  used  to  drive  the  reflector  during  the  day  and  increasing  the  speed  of  the  motor.  Another 
possibility  would  be  to  provide  a clutch  arrangement  that  would  engage  a second  set  of  gears. 
These  would  pmvide  less  reduction  and  reversed  direction  and  therefore  a faster  return  rate  of 
travel  of  the  reflector.  Both  of  these  options  appear  feasible  and  would  require  more  detailed 
investigation  to  determine  which  would  lie  more  economical  to  utilize. 

A s«-con<l  mode  of  movement  is  in  the  declination  angle  of  the  reflector  relative  to  the  polar 
axis  ol  the  mount  Again,  the  declination  of  the  sun  with  respect  to  the  [xilar  axis  of  the  earth  is 
iiccuralelv  known  throughout  the  year.  This  angle  is  determined  by  the  time  of  year;  i.e.,  at 
summer  and  winter  solstices,  the  declination  angle  is  up  23.5°  and  down  23.5°,  respectively,  and 
at  vernal  and  autumnal  equinoxes,  the  declination  angle  is  0°  Any  adjustments  in  this  angle  can 
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I>f  mrtcle  wh«‘n  ihe  retlertor  in  luit  trnckinK  the  »un;  at  niKhl . The  inaxiiiiiiin  ehniiKe  ol'aiiKular 
(ircliiiation  oC  the  huh  (iurinx  a l2-h(iur  ()eri()d  (H'curH  at  equinox.  'I'hiH  total  movement  is  0.25°, 
whu  h iH  well  within  the  total  aeiuracy  tolerance  for  the  pointing  system. 

The  adjustment  of  the  declination  angle  in  a typical  radar  system  is  made  using  a jack- 
screw  mechanism,  which  is  felt  to  provide  the  accuracy  required  without  undue  expense.  This 
adjustment  could  be  controlled  by  a stepping  motor  which  drives  the  jack-screw  mechanism.  The 
amount  of  movement  in  the  declination  angle  would  vary  from  no  movement  at  the  solstices  to 
approximately  ().5°/day  at  the  equinoxes.  The  amount  of  movement  each  time  the  stepping  motor 
is  invoked  would  be  recorded,  jKissibly  by  an  encoder,  to  determine  if  the  reflector  is  at  the  correct 
angle  of  declination  throughout  the  year.  This  is  to  ensure  that  an  unforeseen  random  error  does 
not  (K'cur  in  the  control  system  which  drives  the  stepping  motor.  Such  an  error  might  result  in  an 
incorrect  number  of  jiulses  being  issued  to  the  stepping  motor,  which  could  put  the  reflector 
permanently  out  of  alignment. 

The  third  mode  of  movement  is  the  elevation  angle  of  the  jailar  mount  itself.  The  elevation 
of  the  mount  would  be  mechanically  set  at  the  time  of  erection  of  the  solar  concentrating  system 
and  would  lie  dependent  only  on  the  latitude  of  the  site.  The  only  movement  that  would  occur  in 
the  angle  of  elevation  would  be  under  adverse  wind  conditions,  at  which  time  the  control  system 
would  issue  a command  to  stow  the  reflector.  This  would  be  accomplished  by  driving  a jack-screw 
mechanism  attached  to  a collapsing  tripod,  as  indicated  in  P'igure  4.6,  which  would  lower  the 
rellector  to  a horizontal  position  and  would  also  return  it  to  its  operation  position.  As  the  polar 
mount  is  lowered,  the  reflector  would  have  to  be  moved  to  a noon-time  position  to  avoid  hitting 
the  ground  when  the  mount  is  in  the  fully  stowed  position.  'Phis  could  be  accomplished  by  using 
t he  rotational  drive  motor  in  a fast  mode  of  operation,  if  possible,  or  by  disengaging  the  rotational 
drive  motor  and  mechanically  moving  the  reflector  to  a niKin-time  position  with  a lever-arm  type 
of  mechanism.  Again,  the  option  chosen  would  depend  on  the  more  economical  system. 

The  stow  mode  of  ojieration  would  only  be  initiated  if  sustained  wind  speeds  of  over  2.5  mph 
were  measured  for  a predetermined  period  of  time,  or  an  instantaneous  wind  speed  of  4.5  mph 
were  recorded.  If  is  expected  that  the  high-wind  condition  that  would  effect  a stowage  of  the 
reflector  would  indicate  weather  conditions  not  conducive  to  effective  ojieration  of  the  SE(i  unit. 
Therefore,  to  avoid  a continual  up-and-down  movement  of  the  reflector  mount  and  to  simplify  the 
control  system,  the  control  system  would  be  automatically  reset  and  would  not  return  to  normal 
ojieration  until  the  beginning  of  the  next  day.  However,  there  would  be  the  capability  of  manually 
resetting  the  system,  which  would  cause  the  system  to  return  to  normal  continued  ojieration  after 
a brief  restoration  jieriod  during  which  the  system  realigned  itself  with  the  sun. 

4.1.3  Weight  Breakdown 

An  imjsirtant  design  consideration  which  affects  the  type  of  construction  of  the  reflector  and 
the  materials  chosen  is  the  requirement  that  the  system  l>e  jxirtable.  This  suggests  that  the  total 
weight  and  comiiactness  of  the  system  is  important.  Since  the  wind  load  aiui  accuracy  require- 
ments are  less  stringent  for  the  solar  concentrator  system  than  for  typical  radar  antenna  systems, 
the  reflector  and  sup|Kirt  structure  can  use  a less  rigid  and,  therefore,  less  massive  structure.  The 
resulting  weights  of  the  various  concentrator  system  comixinents  are  listed  in  Table  4.2. 

I'he  reflector  panels  were  a.ssumed  to  lie  made  Irom  .'I  x 1 ' x 1 '»  inch  aluminum  U- 
channels,  which  were  used  for  Ixith  the  longitudinal  aiul  radial  supjxirl  members,  and  .(Hi-inch 
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TABLE  4.2 


WEIGHT  BREAKDOWN  OF  CONCENTRATOR  SYSTEM  COMPONENTS 


CotnpofMnt  W«lght 

(Ibl 

REFLECTOR 

Panels  (24  117  lb)  2,808 

— Support  Ring  240 

POLAR  MOUNT 

— Central  Shaft  with  Reflector  Support  System  1,050 

— Drive  System  bOO 

— Elevation  Support  and  Drive  System  450 

SUPPORT  FRAME 

With  Associated  Systems  1,500 

Total  6,548 


‘ihect  alummuiTi.  The  resulting  weight  of  each  panel  i.s  1 17  lb.  which  can  lie  easily  handled  by  two 
or  three  men  The  central  supjxirt  rinj?  was  considered  to  be  made  of  6 x 2 inch  aluminum  box 
members. 

The  central  shaft  of  the  polar  mount  was  assumed  to  be  made  of  a 1.5-foot  long  hollow 
cylinder,  made  of  stainless  steel,  having  an  outside  diameter  of  12  inches  and  a wall  thickness  of  1 
inch  This  construction  was  determined  to  be  sufficient  to  hold  the  reflector  to  within  an  accuracy 
of  (1.1°  III  rotational  movement  under  maximum  load 

T he  su()(X)rt  frame  for  the  total  system  was  assumed  to  be  made  of  str  jctural  steel  with 
siitticieni  iToss-section  to  maintain  the  rigidity  desired  for  the  concentrating  system. 

The  weight  of  the  drive  system  was  determined  Iroin  existing  data  on  current  systems 
maniilactured  by  H K .Systems.  Inc.  The  weight  ol  the  rotational  drive  .system  is  primarily 
determined  by  the  gear  reduction  system  that  is  needed.  Typical  motors  used  for  these  systems 
run  at  a speed  of  IT.'it)  rpm.  This  must  lie  reduced  to  .(X)07  rpm.  which  requires  a large  gear 
reduction  system. 

The  total  weight  of  the  concentrator  system,  which  is  the  major  weight  component  of  the 
total  solar-jxiwered  system,  has  been  estimated  to  be  approximately  6.5(K)  pounds.  The  sizing  of 
the  structural  members  is  somewhat  conservative,  and  a significant  weight  reduction  from  that 
indicated  above  could  probably  lie  achieved  with  a greater  design  effort.  As  indicated  in  Sec- 
tion 4 4.  the  above  weight  is  consistent  with  the  overall  program  goals. 

4.2  Engine-Generator  Set 

4.2.1  Survey  of  Available  Engines 

All  companies  in  the  United  States  known  to  be  active  in  small  gas  turbine  technology  were 
contacted  to  determine  what  engine-generator  systems  or  components  might  be  available  for  the 
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SUMMARY  OF  INFORMATION  FROM  CONTACTS  WITH  COMPANIES  ACTIVE  IN  SMALL 

GAS  TURBINE  TECHNOLOGY 


1^" 

i 


B ^ 1 2 
^ I Is 


5 < 

§23 

« M w 
s LJJ  4: 

S o 7 
a |o 


I 16 

(t  O c 
< o 5 


47 


48 


General  Characteristics 


furl 


Mil  I %24  )P  4 and  -5,  MU  4-16884  VV-(  800. 
Diesel  l)^  1 and  DF  2.  MIL-C-30%,  AVGAS 

Oil 

MU  I 21(M.  MU  1-7808,  MIL-L-1029S 

Output  Pad  Speed 

1600  or  4(X)0  rpm 

Rotor  Speed 

93,S00  rpm 

Rating 

28  Fiorsepower 

Ambient  Cortditions 

S9®F  at  sea  level 


Accessory  Drive 

I wo-  I’ad 

WcigFit 

OS  pounds 

Time  Between  Overhaul 

WKK)  Flours 

Engine  Air  Flow 

0 40  pounds/second 

Mean  Time  Between  Failure 

790  hours 

Operating  Environment 

lemperature -6S°F  to  -l-130°F 


Fuel  Consumption 

29  pounds/hour 


Altitude 

Sea  level  to  8(XX)  Feet 


FIGURE  4.8  SOLAR:  GAS  TURBINE  ENGINE-MODEL  T 20G  1 
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I)(isi‘liii('  SK(;  syslcm.  The  results  i»l  our  inquiries  ure  Huinnuirized  in  Tiihle  4.;i.  'I’he  enttine- 
Ketu-riitor  set  developed  by  the  Solar  Division  ol  International  Harvester  (SI)IH)  for  the  U.S. 
Army  Mobile  Kquipnient  Research  and  Development  Command  is  the  only  existing  unit  ol  the 
desired  size.  Production  of  this  unit  for  the  Army  is  expected  to  commence  in  1978.  The  generator- 
set  develo|)ed  by  AiResearch  Division  of  Garrett  Corporation,  although  larger  in  output  than  the 
It)  kW  level,  is  close  enough  in  size  to  provide  relevant  information  on  comixment  efficiencies  and 
part -load  [lerformance.  AiResearch  has  also  developed  closed-cycle  gas  turbines  using  working 
tluids  other  than  air  (e.g.,  argon,  helium-xenon  mixtures,  etc.)  in  the  size  range  of  interest. (D 
Useful  information  on  component  efficiencies  has  also  been  derived  from  this  work. 

4 2.2  Description  of  the  Fuel-Fired  SDIH  Gas  Turbine  Generator  Set 

.A  view  of  the  generator  set  is  shown  in  Figure  4.7.  The  generator  set  incorporates  the  SDIH 
Gemini  gas  turbine  engine.  Model  T-20G-1;  its  characteristics  are  shown  in  the  data  sheets  of 
Figure  4.8.  Technical  features  and  the  development  of  the  unit  have  been  described  in  various 
imblications  (see,  for  example.  Reference  2).  Salient  parameters  for  the  gas  turbine  cycle  are 
summarized  in  Table  4.4.  Since  the  unit  was  developed  to  be  compact  and  lightweight  for 
IMirtability  in  field  use,  it  operates  on  the  simple  gas-turbine  cycle,  i.e.,  it  does  not  incorporate  a 
recuiierator.  The  high-speed  turbine  shaft  operates  through  a gear  box  to  drive  'he  generator  at 
:t(i(KI  r|)m  for  (iroducing  6()-Hz  electric  power.  The  generator  set  shown  m Figure  4.7  includes 
complete  instrumentation  and  controls  for  operation  and  maintenance,  including  extensive 
provisions  for  diagnostic  purposes. 


TABLE  4.4 

CYCLE  PARAMETERS,  SDIH  GEMINI  ENGINE*^* 


Pressure  Ratio  3,42 

Compressor  Efficiency  0.763 

Compressor  Airflow,  pps  0.452 

Turbine  Inlet  Temperature,  “F  1310 

Turbine  Efficiency  0.825 

Turbine  Exhaust  Temperature,  "F  935 

Shaft  Power  Output,  kW  15.1 


4.2.3  Gas  Turbine  Engine  Generator  Set  for  the  SEG  System 

As  noted  in  Section  3,  the  recuperatored  cycle  is  preterred  for  the  SKC!  system  because  it 
makes  the  engine  approximately  twice  as  elficient  as  with  the  simple  cycle.  It  was  also  shown  in 
Section  3 that  a turbine  inlet  terniierature  of  alxiut  13(K)®F  and  an  inlet  pressure  of  3.5  psia  led  to 
optimum  efficiency  lor  the  engine-generator  set  (Figure  ;1.3)  and  also  to  best  overall  efficiency  for 
the  combined  collector-receiver/engine-generator  system  tFigure  3.4).  Other  parameters  for  the 
recu|)eraied  gas-turbiiie  cycle  corres|xinding  to  these  turbine  inlet  conditions  are  summarized  in 
fable  4 .5 


TABLE  4.6 


SUMMARY  OF  PARAMETERS  FOR  SELECTED 
GAS  TURBINE  CYCLE 

Elactric  Power  Output,  “lOkW 

EfficienciM 

Compressor,  rj^  • 0.78 
Turbine,  17.^  = 0.85 
Recuperator,  ' 0.95 
Gear  Box,  17^  = 0.98 
Miscellaneous  (losses),  rj  = 0.98 

m 

Alternator,  r?^  = 0.92 
System  Oats 

Pressure  Drop  in  Circuit,  AE  - 0.09 
P 

Air  Mass  Flow  Rate,  w = 0.407  Pps 

Cycle  efficiency,  r?  = 0.309  (neglecting  »7q.  and 

Overall  Efficiency,  = 0.273 

Heat  Input  at  Collector  = 85.3  Btu/lb 

Compressor  Work  = 49.1  Btu/lb 

Turbine  Work  • 75.5  Btu/lb 

Pressurei/T  emperatores 


Location  * 

Pressure-ptia 

Temperature 

1 

14.7 

70 

2 

36.8 

274 

3 

36.4 

981 

4 

35.0 

1,300 

5 

15.3 

1,018 

6 

14.7 

311 

'Refer  to  Schematic  Flow  Diagram,  Figure  3-2. 


51 


I lu-  pressure  ratiu  (or  the  SK(!  system  enf(ine  is  lower  than  that  for  the  SDIU  unit  because 
the  opiinuiin  pressure  ratio  (or  a recuperated  cycle  is  lower  than  that  tor  a simple  cycle.  Reduced 
pressure  ratio  means  that  somewhat  lower  tip  speeds  can  be  used  tor  both  the  compressor  and  the 
turbine.  l.,ower  tip  speeds  can  he  accomplished  by  lower  rotational  speed,  smaller  wheel  diame- 
ters or  a combination  of  the  two,  the  choice  beinK  made  so  as  to  achieve  best  component 
efticiencies.  Usin^  the  correlations  for  component  efficiency  as  a function  of  design  parameters 
developed  by  Balje,bf)  we  have  projected  the  compressor  and  turbine  characteristics  for  the 
recuperated  cycle  summarized  in  Table  4.6.  In  making  these  projections,  we  have  sought  a 
lialance  in  optimizing  both  compres.sor  and  turbine  efficiency.  The  wheel  diameters  and  the  flow 
rates  of  the  recuperated  engine  are  very  similar  to  those  of  the  SDIH  unit.  Hence,  the  two  engines 
would  be  about  the  same  size.  The  compressor  and  turbine  efficiencies  shown  in  Table  4.6  are 
somewhat  higher  than  those  for  the  SDIH  unit  for  several  reasons: 


table  4.6 

PROJECTED  COIVIPRESSOR/TURBiNE  CHARACTERiSTiCS 
FOR  THE  RECUPERATED  CYCLE 


Compressor 

Turbine 

Specific  Speed" 

85 

75 

Specific  Diameter' 

1.76 

1.32 

Tip  Speed,  fps 

1,350 

1,260 

Rotational  Speed,  rpm 

81,390 

81,390 

Wheel  Diameter,  in. 

3.81 

3.56 

Efficiency 

0.78 

0.85 

'Per  Balje's definitions  (Reference  31. 


1 . The  specific  speed  of  the  compressor  for  the  recuperated  engine  (H,5)  is  higher  than 
that  of  the  SDIH  unit  (about  76),  so  a somewhat  higher  compressor  efficiency  may 
be  achievable. 

J rite  lower  iiressure  ratio  of  the  recu()erated  cycle  should  lead  to  reduced  internal  air 
leakage  from  high-pressure  to  low-pressure  regions;  reduced  leakage  los.ses  can  be 
I'onsidered  as  equivalent  to  imiiroved  compressor/turbine  efficiencies. 

t The  design  and  aerodynamic  development  of  the  compressor  and  turbine  tor  the 
•SDIH  engine  occurred  between  196.')  and  1970,  .Somewhat  higher  component  etti- 
ciencips  might  be  achieved  m a future  development  ol  new  comiionents.  Higher 
component  ettii  iencies  have  been  reported  tor  other  units  ot  this  size.*  1 • 

The  recuperator  ettectiveness  of  ((.B.')  shown  in  Table  4.,')  is  higher  than  values  that  typically 
result  trom  optimization  studies  directed  at  minimizing  the  cost  ot  (Miwer  for  fuel-fired  sys- 
tems.tl)  It  was  chosen  because  in  the  SFifl  system  there  is  a direct  tradeoff  between  recu[)erator 
ettectiveness  and  solar  collector  size.  This  tradeoff  is  indicated  by  Kigure  4.9,  which  shows  overall 
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FRACTION  OF  .■DEALLY  RECUPERATED 
(n..-/)  ERG/kJE  EEr/C/ERCY, 


» 


FIGURE  4.9 


EFFECT  OF  RECUPERATOR  EFFECTIVENESS  ON  ENGINE  EFFICIENCY 


53 


(‘n>;inc-t;(‘nt‘rator  system  efficiency  as  a frailion  of  the  efficiency  achievable  with  ideal  recuper- 
ation (i(n  1 1,  versus  the  recuperator  effectiveness  for  a turliine  inlet  temperature  of  1H(X)°F  and 
optimum  lurlime  inlet  pressure.  'I’he  fi>!ure  shows  that  increasing  the  recuperator  effectiveness 
Irom  O.sri  to  t)  yfi.  for  example,  would  increase  the  overall  engine  K‘‘'>*'''8tor  etficiency  by  a factor 
of  about  1 ,1!  and  reduce  the  collector  area  by  the  .same  factor.  VVe  expect  that  the  increased 
recu|)erator  size  and  cost  associated  with  this  effectiveness  increase  would  be  more  than  olfset  by 
the  reduced  collector  size. 

The  values  for  jjear  box  and  alternator  efficiency  in  Table  4..^)  are  those  achieved  by  the 
SDIH  unit.  The  etficiency  value  for  miscellaneous  losses  is  intended  to  account  for  [xiwer  to  the 
oil  pum|),  the  instruments  and  controls,  and  the  .solar  collector  drive.  Finally,  the  pressure  drop 
allowances  for  the  air  flow  circuit  shown  in  Fable  4.r)  are  realistic,  and  are  consistent  with  the 
recufierator  design  described  in  the  next  section,  as  well  as  the  solar  receiver  design  (Section  4.3) 
and  ducting  sizes. 

The  configuration  of  the  .SF,('i  engine-generator  set  is  shown  in  Figure  4.10,  and  a weight 
breakdown  is  given  in  Table  4.7.  Two  flange  connections  are  shown  for  the  air  flow  circuit  to  the 
solar  receiver  and  return.  The  exhaust  gas  flow  from  the  recuperator  would  be  vented  through  the 
exhaust  line  indicated.  The  manner  in  which  the  air  streams  flow  into  and  out  of  the  gas  turbine 
assembly  is  shown  in  Figure  4.11.  The  can  with  the  How  connections  fits  onto  the  end  of  the 
assembly  in  place  of  the  combustion  chamber  which  is  normally  located  in  that  position  on  a 
conventional  fuel-fired  unit.  Other  components  ol  the  conventional  engine  associated  with  fuel 
firing  would  also  be  eliminated,  i.e.,  tiiel  pump,  fuel  controls,  fuel  tank  and  lines,  etc.  The  SDIH 
iinil  IS  started  by  a battery-jMiwered  starting  motor  connected  to  an  intermediate  speed  shaft  on 
the  gear  box.  .Since  electric  jaiwer  from  other  fuel-fired  generating  equipment  is  expected  to  be 
available  at  the  SK(1  system  site,  it  can  be  used  to  actuate  a starting  motor;  hence,  the  battery 
would  not  be  required. 

As  described  in  Section  4.1,  it  is  convenient  to  mount  the  engine-generator  set  on  the  rear  of 
the  parabolic  retlector,  so  that  the  air  ducting  from  the  engine  to  the  solar  receiver  is  as  simple  as 
|s>ssible.  The  SDIH  unit  has  oil-lubricated  bearings  for  the  rotor  assembly  and  includes  an  oil 
pump  lor  idreed  feed  of  the  lubricant.  The  oil-lube  system  in  the  existing  unit  will  not  function 
[iroiierly  over  the  large  changes  in  orientation  that  will  be  associated  with  movement  of  the 
parabolic  reflector.  Therefore,  the  detailed  design  of  this  oil-lulH'  system  would  have  to  he 
reviewed  and  modified  to  (lermit  the  unit  to  operate  in  the  various  orientations  that  would  be 
expec  led.  An  alternative  to  such  modifications  would  Ik*  to  mount  the  engine-generator  set  on  the 
fixed  ixirlion  of  the  collector  structure  and  make  connections  to  the  parabolic  dish  via  flexible 
lines  'I'his  would  be  difficult,  however,  since  the  connecting  lines  are  relatively  large,  hot  and 
insulated 

4.2.4  Recuperator  Design 

I'he  size  of  the  recuperator  unit  shown  in  Figure  4 1(1  was  established  by  preliminary  dvsign 
calculations  based  on  use  ol  I he  plain  plate-fin  heat  transler  surface  shown  in  Figure  4.12  (Figure 
10-30  in  Keference  5).  Other  salient  features  of  the  recuiierator  design  are  summarized  in  Table 
4.H 


FIGURE  4.10  SEG  ENGINE -generator  SET 


TABLE  4.7 


GT  ENGINE-GENERATOR  SET  WEIGHT  ESTIMATES 


Weight 

(lb) 


Gas  Turbine,  Reduction  Gear  and  Engine- 
Mounted  Accessories 

90 

Generator 

170 

Frame 

100 

Controls,  Electrical  Components 

40 

Other  Accessories 

80 

Recuperator  and  Ducting 

340 

Insulation 

60 

Total 

880 

TABLE  4.8 

RECUPERATOR  CHARACTERISTICS 
Effectiveness  — 0.95 
Total  Ap/p  (both  sides)  — 0.05 
Construction  — Brazed  plate-fin 

Configuration  — Two  sections  connected  in  series  (Figure  4.101 
Approximate  dimensions  — 12"  x 14"  x 30"  (each  section) 

Fin  Thickness  — 0.006" 

Wei^t  (stainless  steel  construction)  - 280  lb 


A rei-uperattir  with  an  ellectivenes.s  o(  0.9.')  and  with  pre.ssure  drop  requirements  and 
o|)eralmtt  temiK-rature  levels  similar  to  those  of  the  unit  depicted  in  Fifture  4.7  was  designed  and 
l>iji)l  l)v  AiKesearch  Division  of  liarrett  Corjjoration.  It  was  tested  successfully  at  the  NASA 
l.ewis  Research  Center  in  connection  with  a program  on  closed  Brayton  cycle  systems  for 
generation  o(  electric  [K)wer  in  spacecraft. The  cycle  used  a helium-xenon  gas  mixture  and 
ojK-rated  over  a power  output  range  of  2-15  kWe.  High  effectiveness  plate-lin  heat  exchangers 
(0  95  and  higher)  are  also  used  in  some  industrial  processes.  Clearly,  the  teasibility  of  achieving 
thermal/pressure  drop  [terformance  like  that  projected  lor  the  recu|)erator  of  the  SK(i  system  has 
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hiM'n  (ItMiiiiiisi rated.  However,  the  op»<n  eyele  SK('i  engine  iitiliziiiK  *•>*  workiiiK  fluid  jamps 
I'orrosion  related  prohleinH  that  were  not  a factor  in  the  AiHeaenrch  exchanger  lest  proKrain. 
Ai'hievii\((  saliHlactory  mechanical  inle({rity  of  the  SE(5  system  recufrerator  minhl  require  some 
(ievelopmenlal  effort.  The  lemperal tires  at  which  the  recufierator  would  tiperate  (i.e.,  270°- 
1IKX>°F)  are  sufficiently  hixh  that  oxidation  rates  of  metals  of  construction  can  be  siKnificant. 
Construction  of  the  recuperator  from  a material  such  as  .'147  stainless  steel  (which  was  used  in  the 
AiHesearch  unit)  may  be  satisfactory  if  section  thicknesses  are  made  sufficient  to  allow  for 
oxidation  erosion  effects.  If  not,  more  costly  high-temperature  alloys  would  have  to  be  employed. 

4.2.5  Engine  Off-Design  Perfornnance  Characteristics 

The  engine  operating  parameters  of  Table  4.5  refer  to  a nominal  design-point  condition  and 
corresisind  to  a solar  flux  of  275  Htu/hr-IC.  As  noted  in  Section  3,  lower  solar  flux  will  produce  a 
lower  turbine-inlet  temjierature  and  reduced  piower  output,  in  accordance  with  Figures  3.6 
through  3.9.  Figure  4.13,  which  shows  the  estimated  engine-generator  part-load  characteristics,  is 
based  on  the  engine  component  characteristics.  To  develop  the  figure,  the  following  simplifying 
assumptions  were  made: 

(1)  The  engine  inlet  temperature  and  pressure  are  constant, 

(2)  The  compressor  discharge  pressure  is  constant, 

(.3)  The  turbine  flow  characteristic  is  like  that  of  a choked  nozzle, 

(4)  The  compressor  and  turbine  efficiencies  are  constant,  and 

(5)  The  recuperator  effectiveness  is  constant. 

The  first  assumption  is  appropriate  for  the  preliminary  estimates  of  interest  at  this  time.  The 
elfects  of  ambient  pressure  and  temperature  variations  are  not  large  for  climatic  conditions  that 
might  be  ex|)ected  at  Naval  bases  in  any  case.  Their  effects  on  engine  performance  are  generally 
well  known  or  can  be  determined  by  more  detailed  analysis.  The  assumption  of  constant 
comiiressor  discharge  jiressure  is  consistent  with  the  characteristics  of  the  radial  compressor  over 
the  range  of  How  rates  that  occur  in  part-load  operation.  The  third  and  fourth  assumptions  are 
approximations  that,  when  used  to  estimate  part-load  performance  of  fuel -fired  engines,  led  to 
results  that  compared  well  with  their  performance  data.  Thus,  Figure  4.13  shows  a comparison  of 
part  load  efficiency  data  for  the  SDIH  (iemini  engine  (described  in  Section  4.2.2)  with  projec- 
tions ba.sed  on  assumptions  1 through  4.  The  part-load  efficiency  of  the  AiResearch  GTF  30-141 
engine  (a  nominal  l(X)-hp  output  engine  of  similar  design)  is  also  shown.  I’he  figure  demonstrates 
general  agreement  between  the  actual  and  projected  results. 

Finally,  the  assumption  of  constant  recujierator  effectiveness  is  reasonable  because  the 
changes  in  air  How  rate  through  the  engine  at  part  load  are  not  large  (see  Figure  3.6,  for  example). 

4.3  Receiver  Design 

The  primary  incentive  to  utilize  a modest  concentration  level  to  achieve  the  required 
iqierating  lemirerature  range  is  that  less  precision  is  required  in  the  tracking  system  and  the 
siirlace  contours  of  the  parabolic  dish  concentrator.  An  additional  benefit  is  that  the  heat  fluxes 
in  the  receiver  cavity  are  relatively  modest,  thereby  simplifying  the  heat  exchanger  surfaces 
reipnred  to  transfer  the  absorbed  solar  energy  to  the  air  flow  with  a low  temperature  drop.  This  is 
in  contrast  to  those  systems  using  very  high  levels  of  solar  concentration  (20(K):1 ),  where  the  heat 
(luxes  can  be  very  high  and  the  design  of  the  receiver  a major  technical  problem. 


4.3.1  Design  Goals 

Under  deHi^n  conditions,  the  total  heat  flux  to  the  receiver  aperture  is  152,(K)()  Btu/hr,  of 
which  about  H()‘/  is  transferred  to  the  air  stream  and  2()''i'  lost  by  reradiation,  conduction  throuKh 
the  insulation,  and  convection. 

'I'he  design  goals  for  the  receiver  design  were: 

• A physical  configuration  using  heat-transfer  surfaces  which  are  similar  to  those 
used  commercially  for  other  applications:  this  would,  in  turn,  result  in  a design 
which  can  be  built  at  low  coat  in  relatively  small  quantities; 

• An  air-side  pressure  drop  amounting  to  less  than  4''f  of  the  design  peak  pressure 
level  or  a Ap  of  about  1.2  paid; 

• Ab.sorbing  surface  to  air  stream  temperature  drops  of  70°F  or  less.  This  is  to  limit 
cavity  tem[)erature  levels  and,  hence,  reradiation  losses; 

• Compact  size  to  reduce  shading  of  the  reflector;  and 

• I.,ow  weight  to  minimize  structural  requirements. 

4.3.2  Design  Configuration 

A number  of  design  options  that  showed  promise  of  satisfying  the  above  requirements  were 
considered. 

The  preferred  receiver  design  is  shown  in  Figure  4.14.  This  option  appeared  to  make  best 
use  of  commercial  heat  exchanger  design  and  resulted  in  a relatively  light-weight  structure  to 
withstand  the  4()  psi  pressure  levels  in  the  air  stream.  It  consists  of  .56  round  tubes  (1  inch  O.D.) 
placed  around  the  circumference  of  the  receiver  cavity.  Air  from  the  recuperator  flows  into  the 
inlet  manifold  which  distributes  the  air  to  the  tubes.  After  flowing  through  the  tubes,  the  heated 
air  enters  an  outlet  manifold  and  then  to  a central  return  duct  which  connects  to  the  engine.  The 
ducts  connecting  the  engine  to  the  receiver  pass  up  the  center  of  the  receiver  cavity.  This  is  done 
to  minimize  the  length  of  ducting  retjuired  and  any  shading  effects  the  ducts  would  have  on  the 
concentrator  surface. 

To  achieve  the  goals  of  a low  receiver  surface  to  air  stream  temperature  differential,  the 
tubes  will  require  internal  finning  with  an  area  enhancement  of  about  .5  to  1.  Candidate  arrange- 
ments for  such  internal  finning  are  shown  in  Figure  4.14.  With  the.se  arrangements  (particularly 
option  b),  area  enhancements  well  in  excess  of  those  required  could  l)e  achieved. 

Most  common  steels  are  not  appropriate  for  use  at  the  operating  temperatures  required  of 
the  receiver  However,  the  maximum  operating  temperature  (1,'1,50°F)  is  well  within  the  range  of 
s|)ecialty  steels  such  as  those  used  in  gas  tubes.  Table  4.9  lists  some  of  the  candidate  materials 
for  lufie  fabrication.  The  preliminary  designs  assumed  the  u.se  of  Type  .'147  stainless  steel,  which 
is  commonly  used  in  mcKferately  high-temperature  applications.  If  the  internal  finning  arrange- 
ment of  Figure  4,14b  is  used,  the  fins  would  l)e  made  of  nickel  due  to  its  relatively  high  thermal 
conductivity  (k  48  Btu/hr-ft-°F  versus  about  10  for  Type  347  stainless). 

The  major  heat  loss  from  the  receiver  is  by  reradiation  through  the  receiver  aperture.  The 
conduction  losses  off  the  sides  and  top  of  the  receiver  can  be  greatly  reduced  by  use  of  an  effective 
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FIGURE  4.14  RECEIVER  CAVITY  DESIGN 


CONSIDERATIONS  FOR  SELECTING  CANDIDATE  RECEIVER  TUBING  MATERIALS 
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I thermal  insulatiun.  FiRure  4.15  ahowa  the  thermal  conductivity  of  aeveral  typea  of  thermal 

insulation  suitable  for  use  at  the  temperature  levela  aaaociated  with  the  receiver.  MIN-K  1301  has 
a siRnificantly  lower  thermal  conductivity  than  the  more  commonly  used  fibrous  ceramic-type 
insulation  forma.  To  keep  the  overall  diameter  of  the  receiver  to  a minimum  (and,  thereby, 
minimize  shadowinR  effects),  MIN-K  1301  was  selected  aa  the  insulation  for  the  preliminary 
deaiRn. 

4.3.3  Design  Parameters 

The  resultant  preliminary  design  parameters  for  the  receiver  are: 

Aperture  Area  — 1.76  ft’ 

Aperture  Diameter  — 1.5  ft 
Overall  Diameter  — 2 ft 
Heat  Collected  — 124,1.50  Btu/hr 
Number  of  Tubes  — 56 
Area  Knhancement  — 5 to  1 

Tube  and  Manifold  Material  — Type  347  Stainless 
Size  — 1 inch  O.D.,  0.028  inch  wall 
Insulation  Type  — MIN-K  1.301 
i Insulation  Thickness  — 2 in. 

Air  Temperature  In  — 980®F 

, Air  Tem[)erature  Out  — 1310°F 

Air  Flow  Kate  — 355  cfm 

Kressure  Drop  — < 0.5  psi 

Average  Tube  to  Air  Temperature  Drop  — 55‘’F 

4.3.4  Temperature  Distribution 

As  indicated  on  Figure  4.14,  the  air  entering  the  receiver  is  at  a temperature  of  980°F  and 
I the  air  leaving  the  receiver  is  at  the  design  temperature  of  1310°F.  The  average  temperature  of  the 

air  stream  in  the  receiver  is,  therefore,  about  1150°F.  If  the  heat  flux  on  the  walls  were  uniform, 

I the  corres[)onding  average  wall  temperatures  would  range  from  1035  to  1365‘’F  with  an  average  of 

nlsiut  1200®F.  In  actuality,  the  heat  flux  at  the  lower  (and  colder)  end  of  the  receiver  will  behigher 
I than  at  the  hot  end,  which  would  reduce  the  peak  wall  temperature  below  that  indicated  above, 

probably  to  about  1340'’F. 

I In  any  case,  the  average  wall  temperature  in  the  receiver  is  about  lOO^F  below  the  peak 

cycle  tempc-rature  Therefore,  the  efficiency  curves  of  Section  3.3,  which  were  based  on  the 
receiver  operating  at  a constant  temperature  equal  to  the  |)eak  engine  temperature  (i.e.,  1300°F), 
will  tend  to  Ire  somewhat  conservative  (i.e.,  the  reradiation  heat  losses  will  be  lower  than 
estimated). 


64 


65 


FIGURE  4.15  CONDUCTIVITY  OF  THERMAL  INSULATIONS 


4.3.5.  Weight  Breakdown 

The  weight  t)f  the  receiver  assembly  is  estimated  tii  be  175  pounds  as  broken  down  below; 


Internally  Finned  'I'libing 

82  11) 

Manifolds 

10  lb 

Insulation 

68  lb 

Outer  Sheathing  & .Support  Brackets 

15  lb 

175  lb 


4.4  System  Control.  Weight  Breakdown,  and  Packaging 

The  overall  svsiem  layout,  as  shown  in  Figure  4.6,  indicates  the  engine/generator  sub- 
system mounted  on  the  rear  o(  the  concentrator  and  the  receiver  subsystem  mounted  15  feet  in 
front  ol  the  concentrator  tor  an  F/l)  ratio  of  0.6.  Physical  descriptions  of  all  major  subsystems  and 
t heir  operation  were  given  in  previous  sections  (4.1  — 4.3).  Overall  system  operation  is  discussed 
below. 

4.4.1  Control  Systems 

In  evolving  a control  system  concept,  we  have  assumed  that  the  SKO  system  will  normally 
operate  in  conjunction  with  a diesel-engine-driven  generator  set  or  equivalent,  and  that  the  latter 
IS  the  [irimary  [xiwer  source  for  the  base.  A block  diagram  for  the  control  system  concept  is  shown 
m Figure  4.16.  The  diesel-generator  set  is  a conventional  unit  with  frequency  control  via  fuel 
input  modulation  and  voltage  regulation  by  generator  field  current  control.  When  the  SE(J 
system  is  producing  electric  power,  the  output  of  its  generator,  a conventional  synchronous 
machine,  is  connected  to  that  of  the  diesel-generator  set  so  as  to  share  the  load. 

The  speed  (and  frequency)  of  the  SEd  system  will  be  synchronized  with  that  of  the  diesel 
set  via  this  electrical  connection  because  of  the  generator’s  torque  vs  phase  angle  characteristic. 
Thus,  when  low  torque  is  applied  to  the  SEG  generator  by  the  hot  air  turbine,  the  unit  will  run  at 
the  synchronous  speed  established  by  the  diesel-generator  set  with  a low  phase-angle,  and  with 
low  jsiwer  input  to  the  circuit.  As  the  torque  applied  to  the  SEG  generator  by  the  hot  air  turbine 
increases  as  a result  of  increased  heat  input  from  the  solar  receiver,  its  phase  angle  and  power 
input  to  the  load  will  increase,  while  its  speed  remains  synchronized  with  the  diesel-generator. 

Start-up  and  shut-down  of  the  SEG  is  accomplished  via  a start/stop  control  based  on  inputs 
trom  the  sensors  indicated  in  Figure  4.16,  i.e.,  sensors  fjr  solar  flux,  generator  frequency,  and 
electric  [lower  output.  Start-up  would  only  be  initiated  when  the  solar  flux  was  high  enough  to 
produce  net  jKiwer  output  from  the  SEG  (180  Btu/hr-ft’ as  indicated  by  Figure  3.7).  At  start-up, 
the  contactor  in  the  generator  output  circuit  would  be  open.  The  standard  battery-powered 
starting  motor  in  the  gas  turbine  engine  would  tie  used  to  start  the  engine.  When  its  speed,  as 
indicated  by  generator  frequency,  reached  a value  close  to  the  desired  synchronous  speed,  the 
contactor  would  close  and  jsiwer  input  to  the  load  would  commence.  If  the  fxiwer  flow  into  the 
circuit  from  the  SEG  subsequently  dropped  to  zero  as  a result  of  reduced  solar  heat  input,  the 
contactor  would  open  to  prevent  power  absorption  by  the  SEG.  The  engine  would  be  shut  down 
by  bypassing  the  air  flow  around  the  solar  receiver,  i.e.,  by  stopping  the  heat  input. 

.Short  -term  start-stop  cycling  can  be  avoided  by  use  of  a time  delay  in  the  start/stop  control. 
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FIGURE  4.16  BLOCK  DIAGRAM,  INTEGRATED  DIESEL- 

ELECTRIC/SEG  CONTROL  SYSTEM  CONCEPT 


4.4.2  Weight  Breakdown 

I'he  weight  t)n-nk(l<)wn  lor  eiich  of  the  Hubsyntems  was  K'veii  in  I he  previous  sections.  These 
weights  are  suintnarized  trelow  for  the  total  system. 


Concentrator  Subsystem* 

6,500 

— Engine/denerator  Set 

880 

— Receiver 

175 

— Miscellaneous  Ducts,  Supports 

200 

TOTAL  7,755  (lb) 

'Including  tracking  controls,  motors,  support  structure,  etc. 

The  above  weight  for  the  SEC  is  well  within  the  program  goal  of  10, (KX)  lb. 

4.4.3  System  Packaging 

One  of  the  design  goals  somewhat  unique  to  this  system  was  that  it  be  capable  of  being 

transported  in  standard  sized  containers  (8  ft  x 8 ft  x 20  ft)  and  erectable  on  site  by  Navy 

Seabees.  The  bulkiest  component  in  the  system  is  the  engine/generator,  which  has  dimensions  of 

8.5  ft  X 5 ft  X 2.3  ft.  The  engine  will  easily  fit  into  the  standard  containers  and,  therefore,  the 

packaging  requirement  should  be  .satisfied. 
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5.  COST  ESTIMATES 


Norn'  (>r  thr  major  MutrayatemH  within  the  aolar-llred  Bruyloii-cytle  enKine  are  preHently  in 
coinmeri'ial  production.  This  complicates  the  task  of  estimating  the  cost  of  I he  system.  In  making 
our  cost  estimates  we  made  the  following  assumptions: 

• The  production  rate  of  power  units  is  lOtX)  per  year; 

• All  subsy.stems  are  developed  and  ready  for  manufacture;  and 

• All  SK(1  .systems  are  being  produced  exclusively  for  the  remote  and  advanced-base 
Navy  applications. 

In  reality  most  of  tbe  subsystems  would  require  a significant  R&D  effort  to  bring  them  to  a 
stage  where  they  could  Ire  produced  with  a high  degree  of  confidence.  This  is  particularly  true  for 
the  regenerative  Hrayton-cycle  engine.  Contacts  with  one  potential  manufacturer  of  this  engine 
indicate  development  effort  of  about  $1-2  million. 

In  developing  coat  estimates  for  the  system,  contacts  were  made  with  potential  subsystem 
manufacturers  and  component  suppliers.  Information  from  potential  equipment  suppliers  was 
combined  with  Arthur  D.  Little  estimates  to  result  in  the  overall  subsystem  cost  estimates 
discussed  below. 

5.1  Concentrator  System 

Contacts  with  manufacturers  of  microwave  antennas  indicate  that  the  cost  of  the  concentra- 
tor subsystem  in  very  limited  quantities  would  be  roughly  $75,000.  This  cost  includes  all  the 
reflecior,  controls,  motors,  etc.  associated  with  the  concentrator  arrangement  of  Figure  4.1. 
Antennas  with  overall  size  and  contour  parameters  similar  to  the  concentrator  of  baseline  design 
are,  in  fact,  now  being  made.  It  is  not  clear  that  the  basic  fabrication  technique  now  used  to 
construct  antennas  (discussed  in  Section  4.1)  would  l)e  greatly  modified  for  the  relatively  low 
production  quantities  being  considered.  The  projected  reduction  in  costs  to  a level  of  $24,000 
therefore  results  from  a higher  and  consistent  level  of  production,  but  still  at  a level  which  does 
not  warrant  the  use  of  large-scale  production  equipment  ("hard  tooling,”  such  as  stamping 
presses). 

5.2  Engine/Generator 

A fiame-fired  10-kWe  engine/generator  using  an  open  Brayton -cycle  engine  will  be  made  for 
tbe  Army  by  SDIH  at  a cost  of  about  $14,000  in  quantities  of  1000  per  year.  This  engine  differs 
from  that  required  for  the  solar-fired  engine  in  that  it  does  not  have  a recuperator.  On  the  other 
hand,  the  solar-fired  engine  does  not  need  the  combustion  chamber,  fuel  system,  and  some  of  tbe 
controls  of  the  flame-tired  unit.  Our  engine/generator  cost  estimate  is  $12,000,  which  assumes 
that  the  net  result  will  be  a small  decrease  in  engine/generator  costs  over  that  of  the  Army  flame- 
fired  unit. 

5.3  Receiver 

The  primary  cost  factors  in  the  receiver  assembly  are  the  purchase  of  the  internally  finned 
tubes  and  their  assembly  into  the  inlet  and  exhaust  manifolds.  Our  cost  estimate  of  $3,(X)0  for  the 
receiver  reflects  manufacturers'  estimates  for  the  major  purchased  materials  used  in  the  receiver 
and  their  experience  in  fabricating  heat  exchangers  similar  to  the  SEO  design. 
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5.4  Cost  Summary 

A .>iumiTiarv  of  the  system  cost  estimate  is  indicated  below. 

('oiicentrator  Subsystem 
Knitine/Cienerator 
Interface  Controls 
Receiver  & Connecting  Lines 

TOTAL 

5.5  Future  Cost  Reductions 

The  modest  production  level  of  1000  units  per  year  does  not  allow  for  the  large  reductions  in 
the  cost  of  the  subsystems  which  would  occur  if  mass  production  techniques  could  be  used.  As  a 
practical  matter,  the  Navy  alone  could  probably  not  represent  a sufficiently  large  market  to 
warrant  large-scale  production.  It  is  instructive,  however,  to  roughly  estimate  the  cost  of  the 
power  system  if  it  were  to  be  mass-produced. 

The  concentrator  subsystem  represents  a major  share  of  the  power  unit  cost.  The  concentra- 
tor is  very  similar  in  size  and  function  to  the  heliostats  being  proposed  for  the  “power  tower”  solar 
thermal  power  concept.  Cost  estimates  for  these  heliostats  reflect  the  assumption  of  ma.ss 
production.  The  resultant  cost  estimates  for  heliostats  are  $7-$10  per  square  foot  (depending  on 
design  and  F'RIJA  contractor).  This  unit  area  cost  would  result  in  a concentrator  cost  of  $5,000- 
$7,(KX),  which  is  about  one  fifth  of  that  estimated  for  the  preliminary  design. 

It  apjjears,  therefore,  that  substantial  reductions  could  be  made  in  the  cost  of  the  system  if 
all  or  some  of  the  required  subsystems  were  produced  in  large  numbers  for  other  applications. 


$24,000 

12,000 

2,000 

4,000 

$42,000 
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6.  PRELIMINARY  ECONOMIC  ANALYSIS 


'Fhf  economicH  of  the  SE(i  ie  a function  of  several  factors,  including: 

Annual  power  produced  (kWh), 

Initial  coat. 

Maintenance  requirements, 

('oat  and  availability  of  power  from  alternative  sources. 

Interest  rates, 

()|K*rHtional  life,  and 

Non -economic  issues  (logistics,  etc  ). 

The  single  most  imiMirtant  [lerformance  parameter  influencing  the  SEG's  economics  is  the 
annual  energv  production  measured  in  kWh.  The  analysis  of  this  preliminary  design  stresses  SEG 
o|)eration  under  design  conditions  during  clear  days.  As  indicated  in  Figure  3.9,  on  a clear  day  in 
■lune  (33°  latitude),  the  SEG  will  provide  about  87  kWh  of  electricity.  I'he  annual  output  will 
vary  from  location  to  location,  depending  on  local  climatic  and  insolation  conditions.  As  in- 
dicated in  Figure  3.7,  the  SEG  output  is  quite  sensitive  to  variations  in  direct  insolation  level. 
Therefore,  calculating  annual  fxiwer  output  requires  a rather  detailed  definition  of  the  hourly 
variations  m direct  solar  flux  and  a corresponding  calculation  of  [Kiwer  output  and  its  variation  in 
time.  Such  calculations  would  require  weather  and  solar  insolation  tapes  for  specific  potential 
locations  and  a computer-based  analysis  to  calculate  engine  performance  on  a continuous  basis. 
For  purposes  of  a preliminary  rough  estimate  of  annual  power  output,  we  have  made  the  following 
assumptions: 

• SEG  output  is  proportional  to  the  number  of  sunshine  hours,  as  indicated  in  the 
( 'limatic  Atlas;  and 

• A geographical  location  with  solar  radiation  levels  typical  of  Albuquerque,  New 
Mexico. 

The  above  assumptions  will  tend  to  result  in  an  optimistic  estimate  of  power  output  since; 

— A very  favorable  location  was  selected,  based  on  possible  hours  of  sunshine  (34;iO 
hours);  and 

The  reduction  in  efficiency  of  the  SEG  with  decreased  direct  insolation  is  not  taken 
into  account  (i.e..  output  is  a.ssumed  proportional  to  total  flux,  and  the  reduced 
proportion  of  direct  radiation  as  insolation  levels  decrease  is  not  considered). 

Rased  on  tl^e  afnive  assumptions,  the  annual  power  output  of  the  SEG  will  fie  approximately 
2ri,(KK)  kWh 


The  annual  charges  assoi  iated  with  operating  the  SEG  include: 


Interest 
1 tepreciation 
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• Insurance* 

• 'I'axes* 

• 0|HTatii>n  and  maintenance 

Kor  a ss’stem  with  a ‘20-vear  uaeful  life,  the  capital  charKes  will  range  below 
(lc|H'i)ding  on  interest  rates.  Capital  charges  will  increase  to  15-25'^i'  if  the  useful  equipment  life  is 
only  10  years.  The  costs  associated  with  routine  maintenance  and  repair  are  assumed  to  equal  5'c 
ot  the  original  investment  due  to  the  relatively  complex  nature  of  the  concentrator/receiver  and 
the  engine/generator.  Achieving  this  modest  O&M  cost  goal  would  require  designing  all  com- 
jMinents  to  achieve  very  high  reliability  for  this  type  of  equipment.  Based  on  the  above,  the  cost  of 
[xiwer  can  be  projected  by  assuming 

Cost  of  Power  = (Annual  Capital  Cost  + Annual  O&M  Co8t8)/25,(XX)  kWh. 

The  cost  of  power  calculated  above  is  summarized  in  Table  6.1  for  initial  costs  correspond- 
I ing  to  both  the  low  production  case  ($42,0(X)  per  unit)  and  the  high  production  cost  scenario 

($12, (XX)  per  unit). 

Table  6.1  indicates  the  cost  of  power  from  the  SEG  as  a function  of  the  annual  capital 
charges  for  equipment  with  an  operational  life  of  10-20  years.  At  10‘r  the  cost  of  power  from  the 
.SEG  would  he  about  2.5.2c/kWh.  This  compares  with  5-20c/kWh  for  power  from  a diesel  power 
plant. 

Table  6.1  also  indicates  the  cost  of  power  assuming  the  possible  cost  reduction  indicated  in 
•Section  .')  which  might  occur  if  critical  subsystems  comprising  the  SEG  system  were  produced  in 
large  quantities.  In  this  case,  the  cost  of  piower  would  drop  to  7.5c/kWh,  to  14.4e/kWh,  which 
compares  favorably  with  that  from  small  diesel  power  plants. 

TABLE  6.1 

POWER  COST  FROM  SEG 
(O&M  Cost  5%  of  InvMtmant) 


Annual  Capital 
Charges* 

(%l 

Low  Proouction  Case 
(Unit  Cost '«  $42,000) 

High  Production  Projection 
(Unit  Cost  - Si  2.000) 

Annual  Charges** 

($) 

Power  Coat 
(4/l(Wh) 

Annual  Charges** 
($) 

Power  Cost 
(4/VWh) 

10 

6.300 

252 

1.800 

7.2 

15 

8.400 

33.6 

2.400 

9.6 

20 

10.500 

42.0 

3.000 

12.0 

25 

12.600 

50.4 

3.600 

14.4 

‘Interest  and  depreciation. 

‘‘Annual  charges  include  O&M  costs. 
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